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ABSTRACT
EVALUATING PHENOTYPIC DIFFERENCES BETWEEN HIGH TUNNEL 
TOMATO CULTIVARS AND THE FUNCTIONAL ROLE OF DIVERSITY IN A 
BROCCOLI - LIVING MULCH AGROECOSYSTEM
by
Nicholas Warren 
University of New Hampshire, May, 2013 
Recently, there has been a growing effort to increase the availability of locally 
grown food in New England, and the ecological and socioeconomic impacts of these 
changes require careful consideration. This work consists of two experiments evaluating 
typical food production systems in New England. The high tunnel tomato cultivar trial 
evaluates indeterminate beefsteak tomatoes for important phenotypic differences. 
Understanding these differences will aid in the selection of different cultivars of tomatoes 
for local growers. Increasing the intraspecific diversity of high tunnel tomatoes may help 
balance the tradeoffs observed between cultivars. The broccoli-living mulch experiment 
is an evaluation of the competitive effects of in-field diversification. Interspecific 
diversification has many documented benefits through the enhanced provisioning of 
ecosystem services, but transitioning to diversified systems will expose certain tradeoffs 
when contrasted with conventional methods. Anticipating and managing those tradeoffs 
is an important step toward the successful application of diversity to production 
agricultural systems.
CHAPTER I. INTRODUCTION
Agricultural Production Practices in a Changing Landscape
The current agricultural landscape is changing with our developing food needs. In 
New Hampshire, it is estimated that we produce approximately 6% of our food locally, 
(Agricultural Commissioner Taylor in Carroll (2008), Timmons et al. 2008, Magnusson 
2010). If local production increased, it would benefit our local economy and strengthen 
food security within the region. While the following work has applicability nationwide, 
there is great potential within New England where there is a growing abundance of small 
acreage farms. The number of small farms (< 9 acres) has increased approximately 50% 
from 2002 to 2007, and farms from 10 to 49 acres have increased 35% in the same time 
period (USDA 2009); the additional farms in New Hampshire make our agricultural 
network increasingly robust and diverse. Encouragingly, the number of farms, and the 
public interest in farms, farming, and local agriculture, is continuing to grow. For 
example, the New Hampshire Division of Agricultural Development states that summer 
farmer’s markets have grown in number from 12 in 1994 to approximately 85 in 2012; 
additionally, 31 winter farmer’s markets have been established only in the last 3-4 years 
(Gail McWilliam Jellie, personal communication, 4/16/2013).
Producing more food, through either the expansion or intensification of existing 
farms, or by increasing the number of new farms, will inevitably have impacts on non­
farm ecosystems. As we think about how those broader, landscape-level changes should 
occur we should concurrently improve and refine our methods of food production. Those 
methods need to remain efficient to be economically viable, but their impacts on 
ecosystem services, natural resources and cultural values cannot be ignored. A farm must
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provide the goods and services deemed valuable by the community, balanced with 
minimal or even positive environmental effects to truly maintain longevity. 
Fundamentally, these goals echo what Wendell Berry would simply call, agrarianism, 
“the proper use and care of an immeasurable gift” (Berry 2002). Meeting these goals 
requires a comprehensive, knowledge-intensive approach that is adaptable and flexible.
“Agrarianism (thought based on land) can never become abstract because it has to 
be practiced in order to exist” (Berry 2001). The two studies described here contribute to 
our understanding of current agricultural practices, and ultimately towards agrarian 
methods of food production. The tomato cultivar1 study provides information about 
commercially available cultivars of tomatoes. A bottom up perspective was used to 
collect and present the information, so that growers in our region can use the information 
to make the best decisions for their own farm and community. The broccoli - living 
mulch experiment evaluates the benefits and drawbacks to an agroecological production 
system with increased within-field diversity. By investigating relatively simple changes 
to traditional management practices, we can potentially create a more adaptive and robust 
set of management tools available to growers.
A Brief Introduction to the Tomato Cultivar Trial
Throughout cool regions of the United States, tomatoes are an important 
commercial crop grown in high tunnels. This work evaluated indeterminate beefsteak 
tomato cultivars for growth and performance at the New Hampshire Agricultural 
Experiment Station (Woodman Horticultural Research Farm), in Durham, New
1 Varieties and cultivars both refer to a subgroup within a species that is in some way 
distinctly different from other members of that species. Varieties persist in the wild, 
while cultivars (cultivated-varieties) are a product of human cultivation.
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Hampshire. The tomatoes were transplanted into black plastic mulch and trained to a 
single leader, following standard commercial fertilization and irrigation 
recommendations. Fruit quality, weight, number, and physiological disorders, were 
recorded at each harvest date, and qualitative observations such as growth habit were 
noted. The results, along with qualitative observations, suggest that tradeoffs exist 
between desirable traits in commercially available cultivars, making universal 
recommendations difficult.
A Brief Introduction to the Broccoli Living Mulch Trial
Diversifying agroecosystems is a possible avenue for intensifying food production 
systems on existing agricultural land. The intercropping of cash crops with cover crops 
(utilized as a living mulch), offers the opportunity for agricultural systems to provide 
enhanced ecosystem services; however, competition for resources may limit crop yields. 
By understanding the effects of living mulch on crop yields, we can employ interspecific 
diversification successfully. We conducted an experiment evaluating the effects of inter­
row management and fertility on marketable yield of broccoli in plastic covered raised 
beds at the University of New Hampshire Woodman Horticultural Research Farm in 
Durham, New Hampshire. Inter-row management treatments were either a mixture of 
ryegrass (Lolium multiflorum) and white clover (Trifolium repens c.v. ‘New Zealand’) 
(living mulch) or weeded bare soil, established and maintained between bed rows. 
Fertilizer was applied at four (2011) and five (2012) levels, directly to broccoli bed rows. 
Soil moisture, crop leaf chlorophyll content, marketable crop yield, and nitrogen use 
efficiency were calculated to gain a better understanding of the ecosystem service trade­
offs associated with this form of crop diversification.
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Both studies were conducted without the presumption of finding universal 
solutions - with slightly less than 2 million farms in America and 91% being small farms 
(USDA 2009), consideration for the diversity of local environments and differing cultural 
practices is essential. Both studies attempted to evaluate benefits that extend “beyond 
yield”, considering that long term soil health, labor, external inputs, ecological services, 
and cultural satisfaction are all contributors to a healthy agricultural system.
Although each study was unique, there were several areas of similarity between 
them. Through different avenues and to different degrees, both of these projects explored 
ideas regarding intensification, diversification, and scale.
The Intensification of Our Agricultural Systems
Increasing food production brings with it important and difficult decisions 
regarding the way we utilize our arable land. Historically, agricultural research has 
succeeded in improving yields and labor efficiency (productivity), relying mainly on 
intensive capital investments, high inputs of fertilizers, herbicides, pesticides, and 
irrigation to do so (Francis and Madden 1993). Much of the increased food production to 
date has come from the intensification of existing agricultural land (Foley et al. 2011) 
rather than through expansion, and this intensification has had unintended consequences. 
Traditional agriculture has degraded both the land under production (Foley et al. 2011) 
and non-agricultural terrestrial and aquatic systems (Tilman 1999, Foley et al. 2011), and 
these detrimental effects scale from local (such as erosion) to global (such as atmospheric 
degradation) (Matson 1997). We are nonetheless faced with immense pressure to produce 
more for a growing population (Matson 1997, Foley et al. 2011) and the ultimate 
challenge is meeting this need while simultaneously reducing the environmental footprint
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of agriculture (Mueller et al. 2012). Achieving “environmentally friendly farming” 
(Ramankutty and Rhemtulla 2012) will likely involve a diverse set of resource 
conserving tools; one such tool may be technological intensification through modified 
growing environments.
There are several approaches to tomato production, essentially divided by indoor 
or outdoor production. In-field production is the simplest method of raising tomatoes. A 
modification to the microenvironment of field crops using structures or enclosures 
generally improves the quantity and quality of the produce. This practice has an extensive 
history, with a foundation in Roman agriculture (Dalrymple (1973) as referenced by 
Wells (1993)), and has undergone much subsequent iteration to date -  one example of 
emergent technology is the use of high tunnels.
Recently, high tunnels have become recognized as an important tool for growers 
in a variety of climates. High tunnels are plastic covered walk-in structures that are 
temporary, therefore precluding permanently installed heating or electricity.
Conceptually, high tunnels fit between greenhouses, and simple row covers (or low 
tunnels), and primarily differ in their management and expense (Wells 1993). High 
tunnels provide some of the advantages of greenhouses with much less risk and capital 
investment. They are economical production systems for improving crop yields, season 
extension, and intensifying production (Wells 1993). High tunnels increase crop 
production by reducing wind damage, animal, bird, insect, and disease damage, and 
importantly by managing temperatures (Rogers and Wszelaki 2012).
Locally, one of the greatest advantages of high tunnels is the opportunity for 
improved tomato production, which has long been an important component of our field
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and greenhouse agriculture. The 2007 Census of Agriculture reports that 247 farms in 
New Hampshire grew tomatoes in the open, 245 of them for fresh market production 
(99%). Additionally, 82% of the farms reporting greenhouse vegetable and herb 
operations grew greenhouse tomatoes as one of their crops (USDA 2009).
The tomato crop’s economic value and response to improved growing conditions 
have made it a popular choice for high tunnel production, and the industry has acted 
accordingly, breeding many cultivars suitable for greenhouse / high tunnel production. 
Tomatoes, as well as some other high value crops, are particularly well suited to high 
tunnels (Rogers and Wszelaki 2012). Water, temperature, nutrient, and total light 
requirements dictate tomato maturity and the timing of flowering, independently of day- 
length. Therefore, tomato production is not seasonally regulated, and especially in cool 
climates, tomatoes along with other warm season crops benefit from the controlled 
environment of a high tunnel, maturing earlier and producing greater fruit yields (Waterer 
2003, Howell 2012). Information from cultivar trials regarding the interactions between 
tomato cultivars and this modified environment are important for refining and improving 
our use of this tool.
Diversifying Agricultural Systems
Interspecific Diversification and Intensification. Diversity is an important and 
inherent component of most natural ecosystems and it plays a large part in maintaining 
their structure and function (Gliessman 2007). Biological diversification may act as an 
alternative to the mechanical, chemical, or technological intensification of food 
production. Living mulch for example, has a dual purpose of both intensifying 
production, and capitalizing on the potential benefits of diversification in and of itself.
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The effects of diversification may extend far beyond greater production, such as 
enhanced ecosystem service benefits typically attributable to natural systems. To capture 
these benefits in a general sense, many are and have been calling for ecosystem-inspired 
agriculture, for example Soule and Piper (1992) or Altieri et al. (2012) and others.
Intercropping with living mulch increases interspecific diversity within a given 
field. Traditionally, row crop production in raised beds leaves inter-row spaces bare. 
These bare soils require maintenance to keep weed pressure down, which is achieved 
through either herbicide application or mechanical cultivation. Living mulch planted in 
inter-rows takes advantage of this bare soil, while providing weed suppression as well as 
other positive characteristics generally associated with cover crops.
Generally, the benefits of increasing diversity are well understood. Diversity 
within an agroecosystem promotes the function and stability of that system, and the 
benefits include nutrient cycling, pest population management, and climate and 
hydrological regulation (Altieri 1999). Given the ecological simplicity of our agricultural 
systems, it has been suggested that even small increases in diversity are likely to have 
large effects on services in those ecosystems (Smith et al. 2008). These effects can be 
broad and can range from crop yield stability (Newton et al. 2009) to ecosystem-wide 
resiliency and stability (Elmqvist et al. 2003).
The extent that the benefits of diversity are realized and embraced by the growers 
is very much dependent on their own needs and values. We have demonstrated over the 
last 50 or 60 years that we can only temporarily ignore long-term land stewardship in 
favor of high yields. The consequences have been manifested in the disruption of
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ecosystem services, which are more difficult to measure than crop yield, but are 
becoming clearer as we learn to capture their effects.
Intraspecific Diversification. The inherent benefits of biodiversity apply to 
instances of increased intraspecific diversity as well. In the case of tomatoes especially, 
in addition to biological advantages such as disease management, these effects directly 
extend to the marketability and appeal of the fresh market product. It is well established 
that there are differences between certain characteristics of tomato cultivars, including 
growth habit, disease resistance, and productivity, among others. This has important 
implications for the producer; however, this variability is also appealing to the consumer.
Variability in taste, in appearance, in the suitability for different uses, and many 
other attributes make tomatoes appealing to many. To borrow an idea from market 
researcher Howard Moskowitz: there is no perfect tomato', there are only perfect 
tomatoes. Dr. Moskowitz understood and put into practice the concept that there is no one 
superlative thing that applies to all people; rather, different things are superlative to 
different people (Gladwell 2009). The industry’s large-scale adoption of this principle has 
led to remarkable financial success; for example, this is the very reason we have so many 
types of tomato sauce (and many other goods) available in our stores. There is nothing to 
suggest that at its core, these ideas of consumer preference would not apply to small, 
community-oriented fresh markets. On-farm diversity in this case, not only has biological 
advantages, but also has direct consumer benefits.
System Scale
Many of New Hampshire’s farms are small and the relationships between the 
growers and the land is often intimate. Many small farms are diversified, unable to rely
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on a single commodity to persist. Diversity in activities and products mandates a high 
level of connectivity to the land and the management of that land; and the results 
generated by these studies, to some extent, will have a greater impact for these 
knowledge-intensive growers. Small-scale growers, who are interested in a multitude of 
inputs, factors, and conditions that impact farms and food production, will likely be 
dissatisfied with singular response variables (e.g. yield). Increasing the scale of an 
operation, however, may focus attention toward the annual bottom line, for which a 
single variable (e.g. yield) may be the predominant concern.
Aldo Leopold’s land ethic demonstrates his concern for our attitudes toward land 
and agriculture. In particular, two major components of this ethic apply to this work: the 
acceptance of small and intermediate scale, and the application of ecological principles 
(Carroll 2005). The former, scale appropriateness, speaks to the purpose of information 
generated by these studies. It is generally difficult to find agricultural research conducted 
within the United States that is small-scale centric. On the other hand, small-scale 
agriculture and small farms have long been a focus of international agricultural 
development programs. literature searches yield many examples that specifically identify 
research needs of small-scale farms (e.g. Lipton 2010 and others). The work described 
here, in part, has been modeled with scale in mind, by including variables and systems 
that may not be applicable to larger operations with greater overall constraints.
This is not to say that available agricultural research is not small-scale 
appropriate, but small-scale has not in and of itself commanded attention in the way that 
the specifically large-scale agricultural practices have. Nevertheless, “small” makes up a 
growing proportion of our local farms. Ideally, the unique challenges faced by small-
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scale growers, from production to marketing, will find their way into an increasing 
number of research programs.
Increased food demand necessitates that we make changes to our current 
agricultural systems, and carefully consider the ecological impacts of doing so. There is 
no universal solution; instead, many different methods may be employed that 
accommodate the diversity of our farms and growers. In order to put in place effective, 
knowledge-intensive strategies, it will require that we are willing to evaluate complex 
problems and consider methods that may appear contrary to the goals of industrialized 
agriculture, but benefit the long-term productivity of our land.
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CHAPTER II. EVALUATING PHENOTYPIC DIFFERENCES BETWEEN HIGH
TUNNEL TOMATO CULTIVARS
Introduction
Tomatoes are an economically and culturally important fruit that are particularly 
amenable to high tunnel production methods. Nationally, fresh market tomatoes were 
valued at an estimated $1.29 billion in 2011 (USDA 2012), and an increasing proportion 
of those tomatoes, along with other vegetables and small fruit, are being grown in high 
tunnels (Carey 2009, Knewtson et al. 2010). Given the relatively recent adoption of this 
technology, to our knowledge, there are no formal cultivar trials with hybrid tomatoes 
using high tunnel production.
It is commonly accepted that there is a traditional consumer preference for locally 
grown tomatoes and this relationship has been confirmed in at least one study (Brumfield 
et al. 1993). Field production may not always meet fresh market demand however, 
especially in cool climates where temperatures limit the growing season to a few summer 
months. High tunnels extend and intensify tomato production in cool climates by 
increasing temperatures and cumulative light absorption through earlier planting dates 
(Uzun 2007, Hunter et al. 2012), and protect crops from rain and wind damage and 
against some pests and diseases (Wells 1993, Blomgren and Frisch 2007). In New 
Hampshire, as well as many other states, tomatoes have become the principal crop grown 
in high tunnels (Carey 2009). Although in general there is a positive yield response and 
improved fruit quality in the modified environment of high tunnels, it is likely that 
cultivars will still differ from each other in their overall performance. Therefore, cultivar 
selection remains a critical factor in on-farm high tunnel production.
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Large selections of tomatoes are commercially available, and new cultivars are 
constantly being developed. With so many available, selecting a cultivar can be 
challenging when relying solely on word of mouth or descriptions from a seed company. 
To aid in the cultivar selection process, this work evaluated 11 indeterminate “beefsteak” 
tomatoes in 2011, and 3 additional cultivars (14 total) in 2012, that were either commonly 
grown in the region or recently became commercially available.
We attempted to capture some of the many important growth characteristics that 
would inform successful high tunnel tomato production. Yield and physiological 
disorders have long been a standard part of cultivar trials and are included here. It is still 
pertinent to cultivar trials today what Darby suggested in 1966: tomato fruit should be 
rated using acceptable, realistic commercial standards and remnant, or sub-standard fruit, 
should be inspected to determine “varietal faults”. Certain “faults”, or tendencies toward 
physiological disorders, can have dramatic economic consequences, by impacting yields 
and reducing fruit quality (e.g., Barten et al. 1992, Peet and Willits 1995, Suare 2001, 
Huang and Snapp 2004). This trial characterized the presence and severity of 
physiological disorders to better understand the role of cultivar and time in the expression 
and impact of certain disorders and as a future resource to explore management 
opportunities.
Many other characteristics are important to tomato production, Navarrete et al. 
(1997) attempted to define the subjective concept of vigor as employed by growers using 
objective criteria, and determined that several growth habit parameters were strongly 
correlated with positive impressions of vigor. Therefore, growth habit, as well as 
variables such as flavor, fruit size, firmness, earliness, and others were measured to try to
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capture a range of phenotypic differences between cultivars. These characteristics affect 
the level of management required from a grower, and are important considerations along 
with more traditional responses such as yield.
Grafting is an emerging practice in US tomato production and could be an 
economically valuable tool available to growers (Rivard et al. 2010). Cultivar trials using 
grafted tomatoes will undoubtedly be important and useful to many growers in the future. 
Because of mixed results of grafting on fruit quality, additional research is needed to 
better understand the relationship and interactions between rootstock and scion (Barrett et 
al. 2012). Grafting would standardize the root systems across all cultivars and was not 
used in this study in order to emphasize inherent differences between cultivars, of which 
root characteristics play an important role. An additional benefit of grafting is disease 
resistance or protection from nematodes; however, the high tunnel used in this study had 
not previously been in tomato or other solanaceous species production and low overall 
disease and pest pressure was anticipated.
The purpose of this study was to evaluate the important differences between 
several tomato cultivars in a high tunnel production system under conditions typical for 
the Northeast (i.e. raised beds, plasticulture, and irrigation) (Lamont 2003). The tomatoes 
were grown in a high tunnel managed in accordance with USDA organic production 
standards, to make results relevant to certified organic systems. The objective of this 
study was to describe the differences in yield, physiological disorders, and other 
phenotypic characteristics between common high tunnel tomato cultivars.
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Materials and Methods 
Background
Site Description and Experimental Design. The location for this study was an 18 x 
9 meter high tunnel at the University of New Hampshire Woodman Horticultural Farm in 
Durham, New Hampshire. Previously, the high tunnel was cropped with cucumber and 
followed by a winter cover crop of field peas, oats and hairy vetch. The tunnel was 
prepared for tomatoes by rototilling, fertilizing, and creating six 16.7 m beds using a bed 
former, 0.9 m black plastic mulch, and drip irrigation (8 mm T-Tape, John Deere). Weeds 
between rows were controlled by hand and mulching with salt marsh hay. In late May, 
tomatoes were transplanted directly into the ground in single rows and spaced 40.6 cm 
between plants with rows 1.4 m apart (252 plants total). The study was a randomized 
complete block design with plots of four plants of each cultivar replicated in four blocks. 
Additional non-sampled buffer plants on row ends were included whenever possible.
Before each growing season, high tunnel soil tests were submitted through 
University of New Hampshire Cooperative Extension (UNHCE) to obtain fertility 
recommendations for commercial tomato production. In 2011,45 kg of de-hulled 
soybean meal (Blue Seal, Muscatine LA, NPK 6:1:1) was broadcast before bed formation 
(163 kg N ha'1 equivalent). In 2012,20 kg of soybean meal and 9.1 kg of Sul-Po-Mag 
(Fertrell, Bainbridge PA, NPK 0:0:22) were applied. In 2012, to mitigate observed 
nutrient deficiencies during the growing season, the tunnel was supplemented with 0.008 
kg N ha'1 equivalent of fish emulsion (Neptune’s Harvest Fish and Seaweed Blend, 
Gloucester MA, NPK 2:3:1), divided between applications on August 10 and 23rd.
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The tomato cultivars were selected for their popularity with New Hampshire 
growers or the perceived potential to compete with well-known cultivars. In the winter of
2011, we developed a survey to solicit input from local growers on cultivars to include, 
and variables to measure during the trial. This information, combined with additional 
conversations with growers and UNHCE Field Specialists, was used to select 11 cultivars 
of indeterminate beefsteak tomatoes and three cultivars of cherry tomatoes in 2011. In
2012, three additional indeterminate cultivars replaced the three cherry tomatoes. All 
cultivars were hybrids with the exception of ‘Brandywine’, an open pollinated heirloom 
type. The cultivars, advertised characteristics, and seed company supplier can be found in 
Table 1.
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‘Arbason’ X X JSS 76 $0.40 7 - 9oz
‘Big Beef X X HS 73 $0.10 10- 12 oz
‘Brandywine’ X X HS 78 $0.13 very large
‘Cobra’ X X JSS 72 $0.33 6 - 8 oz
‘Conestoga’ X X HS 75 $0.42 large to extra large
‘Geronimo’ X X JSS 78 $0.66 8 - 10 oz
‘Goldi’ X SW 63 $0.19 n.a.
‘Goliath’ X HPS n.a. $0.05 10 - 15 oz
‘Imperial 643’ X X RP n.a. $0.21 n.a.
‘Jet Star’ X X HS 72 $0.08 n.a.
‘Lola’ X X HM 76 $0.42 7 - 9oz
‘M. Washington’ X JSS 78 $0.23 8 - 16 oz
‘Massada’ X X JSS 72 $0.66 6 - 8 oz
‘Rebelski’ X JSS 75 $1.23 7 - 8oz
‘Sun Gold’ X JSS 57 $0.23 n.a.
‘Toronjina’ X HM 55 $0.88 0.75 oz
‘Trust’ X X JSS 78 $0.66 6.5 - 10 oz
a JSS - Johnny's Selected Seeds, Winslow ME; HS - Harris Seeds, Rochester NY; SW - 
Seedway, Hall, NY; HPS - Horticultural Products and Services, Randolph, WI; RP - Rupp,
Wauseon, OH; HM - High Mowing, Wolcott, VT.
b Days after transplanting until first marketable fruit harvest, as advertised. 
c Cost per seed for the smallest package of seeds advertised. 
d Advertised fruit size.
The tomatoes were germinated at the UNH MacFarlane Greenhouses, and 
transferred to seedling trays (6-packs) approximately one week after germination. They 
were moved to the high tunnel to harden off for two days, and transplanted into the 
ground on May 20,2011 and May 23,2012. Any tomatoes that did not survive 
transplanting were replaced within 10 days with additional transplants. The plants were 
trained to a single leader and side shoots and lower leaves were pruned weekly or as 
needed throughout the growing season. To maintain consistent soil moisture, the high 
tunnel was irrigated when the topsoil underneath the plastic mulch became dry to the 
touch, generally 2 to 3 times per week (Howell 2012).
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Pests were treated with Bacillus thuringiensis (Bt) (DiPel, Valent Corporation) or 
Spinosad (Spinosyn A) (Entrust, Dow AgroSciences) as needed. Additionally, potassium 
bicarbonate (MilStop, BioWorks) was used periodically in late 2012 to minimize the 
spread of powdery mildew (Blumeria spp).
Data Collection
Weather Data and Growing Degree Days. Weather data were obtained from 
UNH’s weather station in Durham, New Hampshire. Temperature data were used to 
calculate growing degree days (GDD) over the two growing seasons. GDD measures the 
potential for daily growth by assessing the difference between the average temperature 
and the biologically limiting minimum temperature for the crop. Season totals were 
obtained by totaling daily values, which were calculated using a base temperature of 10° 
C (McMaster and Wilhelm 1997, O'Connell et al. 2012) according to the following 
formula:
GDD = (Average Daily Temp) - (Base Temp 10° C)
Tomato Yield. Harvest of mature tomato fruit occurred approximately weekly 
from mid-July to late October. The tomatoes fully ripened on the vine and were edible at 
the time of picking. Fruit quality, weight, number, and the presence of physiological 
disorders or disease were recorded at each harvest date. Fruit quality was evaluated 
numerically using a descriptive scale of relative damage (Table 2).
17
Table 2. Tomato quality ratings as applied to harvested fruit.
Quality Rating Description
1 No physiological disorders, disease, or defects
2 Minor disorders are present, but do not adversely affect the marketability of the tomato
3
Disorders and disease are present to the extent that 
the tomato is still edible, but would likely be sold as 
a “second”
4
Damage results in unsalable fruit, that may be only 
partially edible; usually the result of exposed flesh or 
other severe disorders
Yield data were analyzed for each cultivar by quality at each harvest date, and 
cumulatively for the season. For comparative purposes, yield from quality ratings 1,2, 
and 3 were aggregated and labeled as “marketable,” and quality rating 4 as 
“unmarketable.” Tomatoes left on the vine at the end of the season that had not ripened 
beyond the breaker stage but did not demonstrate major defects were labeled “Green.”
To assess changes throughout the growing seasons, yield data were also examined 
in 15-day periods. The yield from 15-day periods was aggregated and labeled as 
“production weeks”, beginning at the first harvest date and extending until the final 
harvest.
Assessment of Physiological Disorders and Disease. Individual tomatoes were 
evaluated for the presence of physiological disorders at the time of harvest. The severity 
of the disorders was correlated with the quality of the fruit, as they were implicitly the 
cause of quality loss. Fruit disorder data are presented individually or grouped into 
broader categories (Table 3).
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Table 3. Observed physiological disorders and diseases recorded at the time of fruit 
harvest.
Grouping Diseases and Disorders
Blossom End Rot Blossom end rot and sidewall B.E.R.
(B.EJR.) Healed scars from blossom end rot
General uneven or irregular ripening
Ripening Gold fleckYellow shoulder
Square shoulder or puffiness
Radial cracking





Disease AnthracnoseTarget Spot (Early Stage)
Sunscald
Soft spots (under skin)
Rotten: from unidentifiable cause
Other Abnormally small (underdeveloped) <50 grams
Insect damage
Animal damage
Conjoined or Connected Fruit
Blemishes: mechanical damage or unidentifiable damage
Fruit Quality. In 2012, at three sample dates, the relative skin strength was tested 
from three subsamples (bottom, middle, and top of fruit) of three ripened fruit of each 
cultivar. Data was collected using a hand held fruit penetrometer and reported as pounds 
per square inch (PSI) required to pierce the skin. On four sample dates in 2012, the 
percent soluble solids of three ripened tomato fruit was assessed using a refractometer 
and reported using the Brix index. Using tomatoes that had been punctured with the 
penetrometer, one soluble solid measurement was made from each of the three tomatoes 
of each cultivar.
Vegetative Data. To assess plant vigor, height was recorded at 17 days after 
transplanting (DAT) in 2011 and 41 DAT in 2012. Additionally, stem diameter was 
measured in 2011, and the number and length of intemodes, and the number of side 
shoots per plant in 2012.
Qualitative Data. In August of 2012, qualitative observations were recorded of 
plant leaf tissue color, leaf curling, and leaf mold presence. Qualitative observations 
pertained to the severity or susceptibility of a cultivar to disease or nutrient deficiency 
symptoms in general and are relative observations made within the high tunnel; they are 
not meant as a precise measurement of disease presence or nutrient disorders. Each plot 
in the high tunnel was assessed and the results from the most severely affected plot or 
plots were reported. Leaf yellowing, similar to the symptom arising from magnesium 
deficiency, was recorded based on the percentage of the interveinal area of affected 
leaves that were chlorotic: minor ~25%, moderate ~50% and severe ~75%. Leaf purpling, 
similar to the symptom of phosphorus deficiency, was recorded based on the percentage 
of the affected leaf darkening and becoming purple: minor ~15-50%, severe >50%. The 
severity of leaf curl was defined by the degree to which the edges of the affected leaves 
turned upwards and folded in toward the center of the leaf: when a complete circle was 
formed leaf curling was severe -100% closed, moderate ~ 66% closed, minor ~33% 
closed. Leaf mold was visually assessed by estimating the number of disease spots on 
affected leaves: minor ~25 spots per leaf, moderate ~50, and severe ~75 or more spots 
per leaf. Powdery mildew was evaluated in September 2012. The presence of visible 
white spores on only several leaves per plant was rated as minor, moderate as ~25% of 
the leaves affected, and severe ~50% or more of the plant was affected.
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Qualitative observations on growth habit were summarized in August of 2012, 
and included general impressions of the cultivar throughout the trial. The exposure of the 
fruit to sunlight was visually assessed: “poor” protection meant fruit was fully exposed, 
“moderate” that fruit were partially covered by leaves, and “high” that fruit were well 
protected by the canopy. The canopy density itself was also evaluated independently of 
fruit coverage, representing the general amount of light passing through the plant. 
Cultivars with tight and dense leaves were labeled “closed” and “open” for those with 
sparse branches and leaves.
Plant Tissue Nutrient Analysis. On August 7,2012, the youngest mature full 
leaflet from each individual plant was collected and dried. Samples were submitted to 
UNHCE plant tissue service for tissue macronutrient and micronutrient analysis.
Leaf Chlorophyll Content. To estimate leaf chlorophyll content, readings were 
taken using a handheld color meter (Konica Minolta: SPAD 502 Plus). On June 10,2011, 
four subsamples were taken from two newly emerging leaves and two newly mature 
leaves. On June 16,2011 four subsamples were taken from mature leaves from each 
quarter of the plant (bottom, lower middle, upper middle, upper) using a sampling 
strategy adapted from Sandoval-Villa (2002).
Sensory Testing / Consumer Preferences. Three informal blind sensory attribute 
tests were performed to assess consumer preferences for tomato texture, appearance, 
flavor and an overall response to each cultivar. Participants in the August 2011 test were 
volunteers attending a University farm tour. In the October 2011 and September 2012, 
tasters were student volunteers in an agriculture course. Participants rated each cultivar 
on a hedonic scale where a rating of one indicated their greatest preference and five
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indicated a strong dislike. Additionally, they were encouraged to provide open-ended 
comments on each cultivar. Participants totaled n=14 in August 2011, n=23 in October 
2011, and n=30 in September 2012. Word clouds were created from participants’ 
comments using the website: wordle.net (© 2011 Jonathon Feinburg).
Statistical Analysis
A one-way analysis of variance (ANOVA) was used to detect yield differences by 
cultivar for each growing season. Tukey’s honestly significant difference means 
comparison test (Tukey’s HSD, a  = 0.05) was used to evaluate specific differences 
between cultivars when the overall ANOVA was significant (a = 0.05). For the 11 
cultivars present in both years, a model combining the two seasons was fit using standard 
least squares regression with cultivar, year, and block as main effects, along with the 
interaction of cultivar and year. Yield data were log transformed in the combined year 
model, as was percent unmarketable data in individual year models, to meet the 
assumptions of homoscedasticity. Results were presented independently by year if an 
interaction between cultivar and year was significant.
Vegetative data and leaf chlorophyll content were analyzed using a one-way 
ANOVA and Tukey’s HSD. Soluble solids (Brix), penetrometer data, and consumer 
preference data were analyzed using standard least squares regression with cultivar and 
date (penetrometer n = 3, Brix n = 4, consumer preference n = 3) as main effects, where 
date replaced blocking as the replication factor. All ANOVA analyses were conducted 
using JMP®Pro version 10.0.0, (SAS Institute Inc., Cary, NC, 1989-2013).
Physiological Disorder and Disease Data. Physiological disorder observations 
were converted to frequency values using the number of fruit collected per block, and
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data were then arcsine square root transformed. The data did not satisfy the distributional 
assumptions of traditional ANOVA or MANOVA. The response variables are similar in 
structure to many forms of ecological data; therefore, to better understand these complex 
relationships, ordination and multivariate grouping tests were used to analyze 
physiological data.
It is useful to use a community composition framework to understand the 
relationships between “communities” (cultivars or periods of time) and the “species” 
(disorders) that comprise that community. Patterns in abundance and frequency can 
provide insight into the disorders that are most damaging to yields, and how they interact 
and associate with cultivars and time. Three multivariate methods typically applied to 
ecological community data sets were used to examine the relationship between the 
physiological disorders and cultivar and time within the growing season.
Non-parametric multidimensional scaling (NMDS) (Kruskal 1964, Mather 1976) 
is an unconstrained ordination technique that can be employed to visually represent 
community composition. It consolidates a large data set, with many response variables, to 
an interpretable graphical representation of community differences. In contrast to some 
other ordination techniques, NMDS allows the use of heterogeneous data, which often 
has non-linear relationships between response variables, as was required for this data set 
(McCune et al. 2002).
NMDS was used to assess differences in disorders of cultivars and times within 
the growing season (with Sorenson’s (Bray-Curtis) distance measure). All final solutions 
were selected by seeking stable solutions with the lowest possible stress, which was
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evaluated with a scree plot and a Monte Carlo test (500 runs, 250 with real data). The 
final instability criterion was < 0.000001.
NMDS is not a statistical test of community composition differences, but can be 
supported by such as test using non-parametric multivariate analysis of variance 
(perMANOVA) (Anderson 2001). Although largely similar in principle to traditional 
MANOVA, this method differs in that it is non-parametric and thus appropriate for non- 
normally distributed data sets and therefore useful to evaluate differences in community 
composition data. PerMANOVA tests were run with 4,999 randomizations, and were 
used to determine if the composition of physiological disorders was different between 
cultivars and time periods.
Indicator species analysis (ISA) (Dufrene and Legendre 1997) was used to 
compliment perMANOVA to determine if a variable was indicative of a given 
environmental condition (McCune et al. 2002). While perMANOVA evaluates disorders 
at the community level, it is useful to understand the unique associations between 
individual disorders and cultivar and time groupings. Indicator species analysis is a 
method of assigning univariate responses among a multivariate data set to a particular 
group based on its abundance within and fidelity to that group. For example, a 
physiological disorder that is both relatively abundant and relatively frequent (or 
exclusive) within a particular cultivar would be a perfect indicator, and have an indicator 
value (IV) of 100. ISA was used to determine if strong associations existed between a 
physiological disorder and an individual tomato cultivar or period of time.
NMDS, perMANOVA, and ISA were conducted using PC-ORD version 6.09 




Growing Degree Days. The total growing degree-days (GDD) over the growing 
season was 1370 in 2011, and 1316 in 2012. There were subtle differences in the 
distribution of those GDD, with comparatively warmer later months in July, September, 
October 2011, and warmer early season months in 2012: April, May, June, and August.
Pests and Disease. Overall, disease issues were nominal in 2011, but became 
more severe in 2012. In both years, gray mold (Botrytis spp.) was present, although its 
impact was negligible. In 2012, leaf mold (Fulvia fulva) and powdery mildew (Oidium 
lycopersicum) more aggressively infected susceptible cultivars. A limited number of 
plants were ultimately lost to systemic infection (one in 2011 from stem rot (disease 
unknown) and two in 2012 from Rhizopus canker (Rhizopus stolonifer)).
The most persistent pest was yellow striped armyworm (Spodoptera ornithogalli), 
which caused minor damage to leaves and fruit in both years. Tomato horn worm 
(Manduca quinquemaculata) was present both years but was effectively treated with Bt. - 
Coinciding with its arrival in New Hampshire, spotted wing drosophila (Drosophila 
suzukii, SWD) appeared in the high tunnel in September of 2011, and was also present 
the following year. In our study, SWD appeared to only infest tomatoes with previously 
broken skin. Rarely, aphids, tomato fruit worms, and fruit damage from small animals 
were noticed.
Fertility and Leaf Tissue Analysis. Soil tests indicated that before each growing 
season there was adequate to excess nutrient availability for tomato production (Table 4). 
Although at acceptable levels at the beginning of the second season, there was a relative
25
decrease in many of the soil nutrients. Additionally, applied fertility levels in 2012 were 
mistakenly lower than prescribed (2.4 kg N recommended, 1.4 kg N applied). After 
vigorous early growth, nutrient deficiency was visually evident in tomato plants by early 
August 2012. Tissue analysis of new growth revealed that with few exceptions, all 
cultivars were experiencing nutrient deficiency or were near minimum acceptable 
concentrations (Table 5).
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Table 4.2011 and 2012 pre-season soil test results, the relative change in the second year, and the optimum ranges of nutrients 
provided by UNHCE.
Parameter Test Units 2011 2012
Change
('11-12) Optimum Range
Soil pH - 6.8 6.4 -0.4 -
Buffer pH Mehlich - Lime - 6.45 6.35 -0.1 -
Calcium Mehlich 3 ppm 2288.5 1560 -7285 800 -1200
Magnesium Mehlich 3 ppm 439 274 -165 60-120
Potassium Mehlich 3 ppm 502 174 -328 170 - 280
Phosphorus Mehlich 3 ppm 575 411 -164 30-50
Organic Matter LOI-360 % 3.8 3.3 -05 -
Soluble Salts EC mmhos/cm n.a. 0 - -
Est. CEC - 17.1 12.5 -4.6 -
Est. Base Sat. % 95.9 84 -11.9 -
Est. Ca Sat. % 67 62.3 -4.7 -
Est. Mg Sat % 21.4 18.2 -3.2 -
Est. K Sat. % 7.5 3.6 -3.9 -
Est. P Sat. % 22.1 19.2 -2.9 -
Ca:Mg:K Ratio 9,3,1 17,5,1 (+8), (+2), 1 -
Table 5. Leaf tissue nutrient concentrations from August, 2012. Values within the normal range are highlighted in bold.
Cultivar
Plant Tissue Concentration
Na P" Ka Caa Mga Sa Mn Fe Cu Bb Alb Znb Nab
‘Arbason’ 2.29 0.27 2.81 1.87 0.42 0.72 55 76 9 40 36 19 1073
‘Big Beef 3.01 0.33 3 2 1.15 0.35 0.6 38 101 11 43 43 19 1085
‘Brandywine’ 2.75 0.3 3 2 1.16 0.35 0.59 31 82 8 41 36 16 2468
‘Cobra’ 3.61 0.38 3.16 133 0.43 0.7 41 104 15 49 31 24 1537
‘Geronimo’ 2.73 0.26 2.57 127 0.32 0.65 31 73 8 36 28 15 863
‘Goliath’ 2.95 0.33 3.5 1.13 0.36 0.58 36 80 13 44 23 21 1253
‘Imperial 643’ 3.04 0.34 3.23 126 0.41 0.58 46 101 10 49 30 35 1091
‘Jet Star’ 2.85 0.28 3.27 149 0.37 0.66 35 88 9 57 38 18 1445
‘Lola’ 2.88 0.28 2.74 1.16 0.3 0.5 36 75 9 34 20 13 880
‘Massada’ 2.09 0.21 2.8 1.62 0.29 0.81 37 72 8 36 29 14 692
‘Rebelski’ 2.7 0.3 2.66 137 0.33 0.61 33 74 10 35 28 15 981
‘Trust’ 2.54 0.25 2.78 1.4 0.28 0.68 34 92 9 48 47 13 991
‘M. Washington’ 2.29 0.28 2.76 124 0.36 0.59 33 77 9 48 29 13 817
‘Conestoga’ 2.87 0.23 3.21 1.48 0.36 0.75 37 74 10 38 22 17 1227
Normal Range Na pa Ka Caa Mga Sa Mnb Feb Cub Bb Alb Znb Nab
Upper 5 1 7 33 1 125 250 25 60 150
Lower 3.5 0.4 3 1 0.4 50 100 5 35 25
a % Total (Element / T), e.g. Total (P/T)
b ppm (Total (Element/T)
Yield
High Tunnel: Total Yield by Season. Across all cultivars, there was a distinct 
decrease in overall fruit production in 2012, yielding 63% of the 2011 total (2011 = 11.53 
± 0.32 kg plant'1,2012 = 7.25 ± 0.22 kg plant'1, p < 0.0001). Additionally, the average 
unmarketable portion of total yield across all cultivars rose from 18.4% in 2011 to 26.2% 
in 2012. The reduction in yield was not uniformly distributed across all cultivars and 
quality categories. The observed range in yield (difference from highest to lowest 
producing cultivar) was smaller in 2012, and that contraction was due to reductions in the 
highest producing cultivars, and not the lowest. The mean yield reduction for the highest 
producing cultivar from 2011 to 2012 was 1.55 kg plant'1; the mean yield reduction for 
the lowest producing cultivar was 0.39 kg plant'1.
High Tunnel: Days until Harvest and Duration of Harvest. Across all cultivars, 
there were differences in earliness and the total length of the harvest season between 
2011 and 2012. The earliest date for marketable fruit production in 2011 (66 ± 0.77 days 
after transplant (DAT)) was significantly earlier than 2012 (71 ± 0.69 DAT, p < 0.001). 
The duration of the harvest season for marketable fruit was longer in 2011 as well (166 ± 
0.4 DAT v. 152 ± 1.8 DAT, p < 0.0001).
The harvest season, including all qualities of fruit (unmarketable and marketable), 
also began earlier in 2011 (p = 0.0053), and was longer than 2012 (p < 0.0001). The 
difference in the total length of the harvest season from 2011 to 2012 when marketable 
and unmarketable fruit were included was smaller between seasons (+ 7 days in 2011) 
than when marketable fruit alone was compared between seasons (+14 days in 2011).
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2011 Yield bv Cultivar. The cultivars ‘Arbason’ and ‘Massada’ were among the 
greatest producers of total number of tomatoes per plant (67.5 ± 3.3 and 68 ± 2.8, 
respectively) though not significantly different from five other cultivars (Table 6). 
‘Brandywine’ (33 ± 2.6), ‘Trust’ (41 ± 1.4) and two other cultivars produced the fewest 
number of tomatoes. When all fruit qualities were included, ‘Geronimo’ produced the 
highest total yield (15.18 ± 0.78 kg plant'1, not significantly different than ‘Arbason’ or 
‘Big Beef). The top producer of marketable fruit was ‘Geronimo’, which was not 
significantly different from ‘Big B eef, ‘Arbason’, or ‘Imperial 643’, while ‘Brandywine’ 
was the lowest producer, not different from ‘Trust’ or ‘Lola’ (Figure 1). ‘Brandywine’ 
had the highest percentage of unmarketable fruit (43% of total yield) not significantly 
different from ‘Lola’ (28%), ‘Arbason’ (23%), ‘Trust’ (22%) and ‘Conestoga’ (21%) 
(Table 6).
2012 Yield bv Cultivar. In 2012, all cultivars produced fewer tomatoes than the 
preceding season. ‘Massada’ and six other cultivars were among the highest total 
producers, while ‘Brandywine’ and six other cultivars produced the least. ‘Rebelski’ 
(10.46 ± 0.66 kg plant'1), ‘Imperial 643’ and ‘Geronimo’ had the highest overall yield, 
with all fruit qualities included (marketable and unmarketable). ‘Trust’ (5.78 ± 0.11 kg 
plant"1), ‘Martha Washington’, and ‘Jet Star’ had the lowest overall yield but were not 
significantly different from an additional eight cultivars (Table 7). The highest 
marketable yield was seen in ‘Rebelski’ (6.46 ± 0.51 kg plant'1), ‘Arbason’, ‘Cobra’, and 
‘Big Beef, not significantly different than seven others, while ‘Conestoga’, ‘Martha 
Washington’, and ‘Trust’ (3.30 ± 0.41 kg plant'1) had the lowest yield along with nine
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others (Figure 1). ‘Conestoga’ produced the highest percentage of unmarketable fruit but 
was not significantly different from 10 additional cultivars (Table 7).
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Table 6.2011 season totals of mean yield per plant for total, marketable (quality rating 1-3, Table 2), unmarketable fruit
(quality rating 4), and green fruit, and days after transplant until marketable fruit production (DTH).
Cultivar
Season Totals 












‘Arbason’ 68 ± 3.4 af 13.768 ± 0.354 ab 9.558 ±0.251 abc 3 2.869 ± 0.305 ab 23 abc 1.341 ± 0.234 ab 68.5 ±1.1
‘Big Beef 49 ± 1.6 bed 13.275 ± 0.499 ab 10.593 ± 0.640 ab 2 1.344 ±0.135 be 11 cd 1.338 ±0.185 ab 60.8 ± 3.0
‘Brandywine’ 33 ± 2.6 d 9.091 ± 0.287 de 4.846 ± 0.655 f 11 3.963 ± 0.804 a 43 a 0.282 ± 0.150 c 64.0 ±1.0
‘Cobra’ 54 ± 4.6 abc 10.984 ±0.791 bede 7.858 ±0.873 cde 8 1.216 ± 0.208 be 13 cd 1.911 ±0.125 a 67.5 ±3.6
‘Conestoga’ 58 ± 1.4 ab 11.527 ±0.501 bed 8.311 ±0.514 bede 7 2.344 ±0.319 abc 21 abc 0.872 ± 0.066 be 61.0 ±0.5
‘Geronimo’ 59 ± 4.2 ab 15.178 ±0.777 a 11.466 ±0.553 a 1 1.903 ±0.383 be 13 bed 1.809 ± 0.335 ab 66.8 ±1.7
‘Goliath’ - - - - - - - -
‘Imperial 643’ 45 ± 2.7 bed 12.104 ±0.518 be 8.855 ± 0.497 abed 4 1.900 ± 0.428 be 16 bed 1.349 ±0.155 ab 70.3 ±3.6
‘Jet Star’ 52 ± 5.7 abc 10.999 ± 1.043 bede 8.739 ±0.761 bed 5 0.883 ± 0.203 c 9 d 1.377 ± 0.252 ab 66.3 ±1.6
‘Lola’ 52 ± 2.5 abc 10.313 ± 0.249 cde 6.556 ± 0.163 def 9 2.544 ±0.168 abc 28 ab 1.213 ±0.173 abc 71 ±0.6
‘M. Washington’ - - - - - - - -
‘Massada’ 68 ± 2.8 a 11.030 ±0.441 bede 8.368 ± 0.254 bed 6 1.524 ±0.205 be 15 bed 1.138 ±0.124 abc 64.5 ±2.9
‘Rebelski’ - - - - - - - -
‘Trust’ 41 ± 1.4cd 8.585 ±0.313 e 5.657 ±0.265 ef 10 1.844 ± 0.435 be 22 abc 1.083 ±0.119 abc 68.3 ±1.4
2011 Means: 53 11.532 8.255 2.031 18 1.246 66
a All means reported ± standard error (n=4). All data represent entire growing season. 
b Marketable yield includes fruit quality ratings 1-3, and fruit is absent of major defects. 
c Unmarketable fruit includes fruit quality rating 4, major defects are present. 
d Green fruit is unripened fruit left on the vine at the end of the harvest season without major defects. 
c Mean days after transplanting until first marketable harvest.
f Means not followed by a shared letter are significantly different, THSD (p<0.05) when ANOVA is significant (p<0.05).
Table 7.2012 season totals of mean yield per plant for total, marketable (quality rating 1-3, Table 2), unmarketable fruit
(quality rating 4), and green fruit, and days after transplant until marketable fruit production (DTH).
Cultivar
Season Totals 














‘Arbason’ 43 ± 1.3 abf 7.827 ± 0.306 bed 6.264 ±0.382 a 2 0.983 ±0.076 be 13 b 0.580 ± 0.068 be 75 ± 2.4 a
‘Big Beef 35 ±2.2 be 7.314 ±0.288 bed 5.313 ±0.189 ab 4 1.583 ± 0.279 abc 22 ab 0.419 ± 0.025 c 71 ±1.2ab
‘Brandywine’ 24 ± 1.3 c 7.606 ±0.190 bed 4.229 ± 0.723 ab 10 2.920 ± 0.630 a 37 a 0.457 ± 0.079 c 70 ± 1.9 ab
‘Cobra’ 37 ±2.1 be 6.406 ± 0.340 cd 5.326 ± 0.300 ab 3 8.42 ± 0.075 c 13 b 0.238 ± 0.059 c 75 ±1.2 a
‘Conestoga’ 41 ±5.2ab 6.257 ± 0.413 d 3.671 ± 0.696 b 12 2.489 ± 0.335 ab 39 a 0.097 ± 0.056 c 64 ±0.9 b
‘Geronimo’ 44 ± 3.5 ab 8.966 ± 1.232 abc 5.228 ± 0.861 ab 6 2.413 ± 0.280 ab 32 a 1.325 ± 0.342 ab 73 ±2.9 a
‘Goliath’ 35 ±1.6 be 7.635 ±0.275 4.757 ± 0.313 ab 8 2.357 ± 0.296 abc 32 a 0.521 ±0.121 be 69 ± 1.8 ab
‘Imperial 643’ 43 ± 3.5 ab 9.744 ± 1.011 ab 5.309 ± 0.998 ab 5 2.415 ±0.317 ab 31 a 2.020 ±0.157 a 71 ± 1.2 ab
‘Jet Star’ 35 ±2.4 be 6.164 ± 0.350 d 4.182 ± 0.354 ab 11 1.707 ±0.201 abc 28 ab 0.275 ± 0.083 c 71 ± 2.5 ab
‘Lola’ 40 ± 4.0 ab 6.839 ± 0.815 cd 4.978 ± 0.562 ab 7 1.240 ±0.182 be 20 ab 0.621 ±0.175 be 75 ± 1.2 a
‘M. Washington’ 36 ± 2.5 be 6.040 ± 0.468 d 3.654 ± 0.455 b 13 2.014 ± 0.075 abc 36 a 0.372 ± 0.088 c 71 ±1.2ab
‘Massada’ 54 ±3.4 a 6.790 ± 0.546 cd 4.349 ± 0.380 ab 9 1.838 ±0.213 abc 29 ab 0.604 ±0.115 be 67 ± 1.2 ab
‘Rebelski’ 48±3.6ab 10.464 ±0.730 a 6.456 ± 0.562 a 1 2.294 ±0.431 abc 24 ab 1.714 ±0.355 a 71 ± 1.2 ab
‘Trust’ 36 ±1.5 be 5.776 ± 0.254 d 3.304 ± 0.326 b 14 1.763 ± 0.304 abc 33 a 0.709 ±0.165 be 69 ± 1.5 ab
2012 Means: 39 7.416 4.787 1.918 26 0.711 71
* All means reported ± standard error (n=4). All data represent entire growing season. 
b Marketable yield includes fruit quality ratings 1-3, and fruit is absent of major defects. 
c Unmarketable fruit includes fruit quality rating 4, major defects are present. 
d Green fruit is unripened fruit left on the vine at the end of the harvest season without major defects.
'  Mean days after transplanting until first marketable harvest.
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Figure 1. Differences in marketable yield (quality rating 1-3, Table 2) between cultivars in 2011(A) and 2012 (B). Within a 
growing season, means not followed by shared letter are significantly different (p<0.05), (Tukey’s HSD). Data are means ± 
standard error (n=4). Cultivars indicated with “n.a.” were not present in the trial year.
Yield bv Individual Quality Ratings, 2011 & 2012. The yield of the highest 
quality tomatoes (quality rating 1) responded dramatically to year differences, on average 
it was 2.56 kg plant'1 lower in 2012, representing a much greater yield reduction than 
other quality categories (quality 2: -163 g, quality 3: -794 g, quality 4: -195 g).
In 2011, ‘Geronimo’ (7.023 ± 0.55 kg plant'1) had the highest yield of the best 
quality fruit, not different from ‘Jet Star’, and ‘Massada’. Although ‘Trust’ had low 
overall yields, it produced a large proportion of high quality fruit, 41%, when the average 
across all cultivars was 31%. In 2012, the greatest amount of the best quality tomatoes 
was produced by ‘Rebelski’ (3.50 ± 0.64 kg plant'1), which was not significantly different 
from ‘Geronimo’, ‘Massada’, or ‘Cobra’ (Table 8).
Interestingly, there was no interaction between cultivar and year for quality 
ratings 2 or 3 (p = 0.47 and p = 0.101, respectively). Among cultivars grown in both 
years, ‘Big Beef and ‘Imperial 643’ were the top producers of quality 2 fruit, not 
different from ‘Arbason’, ‘Cobra’ and five other cultivars. ‘Arbason’, ‘Big B eef, 
‘Brandywine’, ‘Conestoga’, ‘Imperial 643’, had the greatest yield of quality 3 fruit, not 
different from ‘Cobra’, or ‘Lola’ (Table 8).
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Table 8. Season totals of mean yield per plant for each fruit quality category (ratings described in Table 2). Years are reported 
separately if there was a significant cultivar by year interaction (p < 0.05).
Cultivar





2011 & 2012 
(kg plant'1)






‘Arbason’ 2.821 ± 0.367 deb 1.278 ± 0.254 be 2.952 ± 0.277 a 2.909 ±0.481 a 2.869 ±0.305 a 0.983 ± 0.076 be
‘Big Beef 3.964 ±0.377 bed 0.772 ±0.086 be 3.102 ±0.318 a 2.482 ±0.447 a 1.344 ± 0.135 ab 1.583 ± 0.279 abc
‘Brandywine’ 1.211 ±0.156 e 0 ± 0 c 1.351 ±0.251 c 2.581 ±0.313 a 3.963 ± 0.804 abc 2.920 ± 0.630 a
‘Cobra’ 2.913 ± 0.378 de 1.576 ±0.238 abc 2.232 ± 0.282 abc 2.116 ± 0.344 abc 1.216 ± 0.208 abc 0.842 ± 0.075 c
‘Conestoga’ 2.412 ± 0.368 de 0.082 ± 0.032 c 1.873 ±0.251 abc 2.870 ± 0.349 a 2.344 ±0.319 be 2.489 ± 0.335 ab
‘Geronimo’ 7.023 ±0.553 a 2.357 ± 0.860 ab 2.577 ± 0.320 ab 1.080 ± 0.168 cd 1.903 ±0.383 be 2.413 ± 0.280 ab
‘Goliath’c - 0.102 ± 0.022 c 1.736 ±0.116 2.919 ±0.242 - 2.357 ±0.296 abc
‘Imperial 643’ 2.137 ± 0.243 de 0.776 ±0.248 be 2.949 ± 0.274 a 2.676 ±0.45 l a 1.900 ± 0.428 be 2.415 ± 0.317 ab
‘Jet Star’ 5.423 ± 0.637 ab 0.971 ±0.169 be 2.078 ± 0.215 abc 1.185 ±0.145 bed 0.883 ± 0.203 be 1.707 ±0.201 abc
‘Lola’ 2.456 ± 0.334 de 0.706 ±0.126 be 2.171 ±0.308 abc 2.015 ±0.183 ab 2.544 ±0.168 be 1.240 ±0.182 be
‘M. Washington’6 - 0.237 ± 0.162 c 1.313 ±0.214 2.104 ±0.188 - 2.014 ± 0.075 abc
‘Massada’ 5.157 ± 0.285 abc 1.654 ± 0.658 abc 1.974 ±0.176 abc 0.979 ± 0.184 d 1.524 ± 0.205 be 1.838 ±0.213 abc
‘Rebelski’6 - 3.496 ± 0.686 a 2.158 ±0.473 0.801 ±0.187 - 2.294 ±0.431 abc
‘Trust’ 3.487 ± 0.162 cd 0.709 ± 0.222 be 1.615 ± 0.289 be 0.768 ±0.105 1.844 ± 0.435 c 1.763 ± 0.304 abc
a Tomato fruit quality ratings range from highest (1) to lowest or unmarketable (4), details are available in Table 2. 
b All means reported ± standard error (n=4 or n=8 when years combined). All data represent entire growing season. 
b Means not followed by a shared letter are significantly different, THSD (p<0.05) when ANOVA is significant (p<0.05). 
c Grown in 2012 only. 2012 cultivars excluded from Tukey’s HSD in combined years.
Harvest Timing 2011 & 2012. In 2011, there were no significant differences in 
the number of days after transplanting until first harvest for marketable tomatoes (DTH) 
between cultivars (p = 0.053) or in late season marketable harvest dates (p = 0.46). There 
were some differences in the DTH of marketable tomatoes between cultivars in 2012 (p = 
0.0028); ‘Conestoga’ was the earliest producer, (64 ± 0.6 DAT), not significantly 
different from six others. Similarly, there were late season differences between cultivars 
(p = 0.0004) with ‘Trust’ finishing earliest at 135 ± 3.8 DAT with four others; the 
remaining 10 cultivars were not significantly different from the latest producer at 159 
DAT (Table 7).
In both years, the greatest yields were observed in the first half of the season 
followed by a decline in production (Figure 2). The timing of fruit production for each 
cultivar followed three generalized patterns: ‘Big B ee f, ‘Jet Star’, ‘Conestoga’, 
‘Arbason’, and ‘Brandywine’ demonstrated an early and strong peak in production 
around production weeks 5-6. Fifteen days later, a peak occurred for ‘Geronimo’, 
‘Imperial 643’, and ‘Cobra’. ‘Trust’, ‘Massada’, and ‘Lola’, did not have a dominant 
increase in production at any particular time. Some cultivars had a second increase in 
production late in the season, most noticeably ‘Big Beef (production over time for 
individual cultivars not shown). Visually, none of the observed patterns of production 
was discemably related to overall yield.
In 2012, a greater proportion of total yield was confined to the beginning of the 
harvest season, followed by a steep decline in production (Figure 2). Most cultivars 
peaked around production weeks 3-4, while ‘Cobra’, and ‘Big Beef were slightly later 
around production weeks 5-6. ‘Conestoga’ production was noticeably consistent for the
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duration of the harvest season, and no cultivars demonstrated a distinct “second peak” in 
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Figure 2. Mean yield per plant, averaged across all cultivars for each production 
week group (15 day groupings beginning at first harvest) in 2011 and 2012. W ithin a 
single growing season, means not followed by a shared letter are significantly 
different (p<0.05), (Tukey’s HSD). Data are means ± standard error (n=4).
Yield of Green Tomatoes at Final Harvest Date. 2011 & 2012. In 2011, 
‘Brandywine’ had the fewest tomatoes left green on the vine when harvest ended, not 
different from four additional cultivars (Table 6). ‘Cobra’ had the greatest amount of 
green tomatoes, not different from eight cultivars. In 2012, ‘Imperial 643’, ‘Rebelski’, 
had the greatest yield of green tomatoes at the end of the season, along with ‘Geronimo’ 
(Table 7). ‘Conestoga’ had the least, but was not significantly different from 10 other 
cultivars.
Fruit Size. 2011 & 2012. In 2011, the cultivars ‘Big Beef, ‘Imperial 643’, 
‘Brandywine’ and ‘Geronimo’ had significantly larger marketable tomatoes than the 
remaining cultivars (0.297 ± 0.013 to 0.291 ± 0.009 kg fruit'1). ‘Massada’ (0.177 ± 0.003
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kg fruit'1), ‘Conestoga’, and ‘Arbason’ had the smallest average fruit weight. In 2012, 
‘Massada’ had the smallest marketable tomatoes again (0.158 ± 0.004 kg fruit'1) yet was 
not significantly different from six others. ‘Brandywine’ had significantly larger tomatoes 
than all other cultivars (0.380 ± 0.014 kg fruit'1), followed by ‘Rebelski’ (0.304 ± 0.007 

















Figure 3. The average size of marketable fruit (quality rating 1-3, Table 2) for the 
2012 growing season. Means not followed by a shared letter are significantly 
different (p<0.05) (Tukey’s HSD). Fruit size was calculated as total marketable 
weight divided by total number of marketable fruit. Data are means ± standard 
error (n=4).
Yield of Cherry Tomatoes. 2011. There were no differences between the 
marketable yields of the three cultivars of cherry tomatoes (p = 0.1185). ‘Goldi’ produced 
4.80 + 0.37 kg plant1, which was 58% of the average marketable yield across all 
beefsteak cultivars (mean = 8.26 ± 0.32 kg plant'1). ‘Goldi’ ranked eighth among all 14
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cultivars in 2011 when comparing the total yield of the best quality tomatoes (quality 
rating 1, see Table 2). There were also no differences in unmarketable yield between 
cheny tomatoes (p = 0.0674), with ‘Sun Gold’ producing 1.194 ± 0.14 kg plant'1, ‘Goldi’ 
and ‘Toronjina’ produced 0.75 ± 0.059 and 0.74 ± 0.083 kg plant1, respectively. 
Vegetative and Fruit Quality Data
Vegetative Growth. There were significant differences in plant height (p<0.0001) 
and “stockiness” (stem diameter / plant height) (p<0.0001) between cultivars in 2011. At 
17 DAT, ‘Massada’ and ‘Geronimo’ were the two tallest cultivars and ‘Cobra’, ‘Jet Star’, 
and ‘Trust’, the shortest. ‘Cobra’, ‘Jet Star’, ‘Trust’, and ‘Brandywine’ were among the 
stockiest transplants, while ‘Massada’ was the rangiest cultivar, not different from 
‘Geronimo’, ‘Imperial 643’, and ‘Lola’ (Table 9).
Table 9. Growth habit measurements from 2011 at 17 DAT.
Height Diameter (cm plan t1)
Cultivar (cm plant'1) / Height (cm plant'1)
‘Arbason’ 48a ±0.9 bcdb 0.24 ± 0.01 cde
‘Big Beef 51 ± 1.2 b 0.23 ±0.01 de
‘Brandywine’ 44 ±0.6 cde 0.28 ± 0.01 abc
‘Cobra’ 36 ±2.1 f 0.32 ±0.01 a
‘Conestoga’ 49 ± 0.9 bed 0.26 ± 0.01 bed
‘Geronimo’ 53 ± 1.2 ab 0.21 ± 0.00 ef
‘Imperial 643’ 50 ± 2.6 be 0.21 ±0.01 ef
‘Jet Star’ 40 ± 1.3 ef 0.31 ±0.01 a
‘Lola’ 48 ± 1.9 bed 0.23 ± 0.01 def
‘Massada’ 58 ±0.8 a 0.18 ±0.01 f
‘Trust’ 43 ± 1 def 0.30 ±0.01 ab
a Data are means ± standard error (n=4).
b Means not followed by a shared letter are significantly different, 
Tukey’s HSD (p<0.05) when ANOVA is significant (p<0.05).
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In 2012 at 41 DAT, ‘Rebelski’, ‘Massada’, and ‘Brandywine’ were among the 
tallest cultivars, along with eight other cultivars (Table 10). ‘Cobra’, ‘Goliath’, ‘Jet Star’ 
‘Trust’, and ‘Martha Washington’ were the shortest. ‘Rebelski’ had the greatest mean 
intemode length (6.79 ± 0.83 cm intemode'1) that was only significantly different from 
two cultivars, ‘Cobra’ and ‘Jet Star’. On the same date, ‘Brandywine’ (14.75 + 0.89 plant 
’), had the greatest number of side shoots, but was not different from nine other cultivars. 
‘Imperial 643’ (8+1.08 plant'1) had the least, not significantly different from 11 others.
Table 10. Growth habit measurements from 2012 at 41 DAT.
Cultivar Height (cm) No. Side Shoots Internode Length (cm)
‘Arbason’ 120a± 5.1 ab 9 ± 0.4 be 6.3 ± 0.5 abc
‘Big Beef 111 ±2.3 ab 11 ± 1.1 abc 5.2 ±0.2 abc
‘Brandywine’ 123 ± 2.4 a 15 ±1.0 a 5.8 ±0.5 abc
‘Cobra’ 92 ± 2.7 c 11 ± 0.9 abc 4.8 ± 0.2 c
‘Conestoga’ 121 ±4.7 11 ± 0.6 abc 5.8 ±0.2 abc
‘Geronimo’ 119 ±3.2 a 12 ± 0.6 abc 6.2 ± 0.3 abc
‘Goliath’ 108 ± 2.2 abc 10 ±0.5 be 5.6 ± 0.2 abc
Imperial 122 ± 6.4 a 8 ±  1.1 c 6.6 ± 0.4 ab
‘Jet Star’ 95 ± 2.1 be 12 ± 0.6 abc 4.9 ±0.2 be
‘Lola’ 112 ± 6.7 ab 9 ±  1.5 be 5.9 ±0.3 abc
‘Martha Washington’ 109 ± 2.3 abc 13 ± 0.5 ab 5.6 ±0.0 abc
‘Massada’ 125 ± 2.0 a 12 ± 1.3 abc 5.8 ±0.2 abc
‘Rebelski’ 126 ± 1.9 a 12 ± 0.8 abc 6.8 ±0.8 a
‘Trust’ 98 ± 2.0 be 12 ± 0.9 abc 5.1 ±0.1 abc
a Data are means ± standard error (n=4).
b Means not followed by a shared letter are significantly different, Tukey’s HSD 
(p<0.05) when ANOVA is significant (p<0.05).
Qualitative Observations. Foliar diseases of tomato, not directly affecting tomato 
fruit, were negligible in 2011. In 2012, they were more prevalent and were visually 
evaluated in August (Table 11). The cultivars ‘Cobra’ and ‘Conestoga’ appeared
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particularly susceptible to powdery mildew, and ‘Arbason’ and ‘Martha Washington’ 
were heavily affected by leaf mold (Fulvia fulva). Observations on the color of the leaves 
of each cultivar were recorded as well; ‘Brandywine’ and ‘Martha Washington’ appeared 
most susceptible to interveinal chlorosis, and leaf “purpling” was present on 
‘Brandywine’ more than any other cultivar.
Observations on certain vegetative characteristics were also recorded in August 
2012 (Table 12). ‘Brandywine’, ‘Lola’, and ‘Jet Star’ had noticeably larger truss sizes 
than other cultivars (e.g. more flowers per truss). There were also differences in the 
degree to which the fruit were protected from light by the canopy, and separately, the 
density of the canopy itself. It was possible, for example with ‘Arbason’, that a dense 
canopy was observed while the fruit remained exposed just outside the canopy.
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Table 11. Qualitative observations made in August of 2012 summarizing observed nutrient deficiency symptoms and 







Curling' Leaf Moldd Powdery Mildew* Disease Resistances'
‘Arbason’ Minor Minor Minor Moderate - Severe None FI-2, TMV, V 
V, Fl-2, ASC, L, RN,
‘Big Beef Minor Minor Minor Moderate Minor TMV
‘Brandywine’ Severe Severe Minor None Moderate None
‘Cobra’ Minor None Minor Minor Moderate - Severe Fl-2, L, TMV, V
‘Conestoga’ Very Minor Minor Severe Severe Severe None
‘Geronimo’ Minor Minor Severe None None Fl-2, LM, TMV, V
‘Goliath’ Minor None Very Minor Severe Minor Unknown
‘Imperial 643’ Moderate None Severe None None Unknown
‘Jet Star’ Very Minor None Very Minor Moderate Moderate V, F-l
‘Lola’ Moderate None Very Minor Minor Minor Fl-2, TMV
‘M. Washington’ Severe Minor Very Minor Moderate - Severe Moderate None 
Fl-2, FOR, LM, PM,
‘Massada’ Moderate None Severe None None TVM, V 
Fl-2, FOR, LM, PM,
‘Rebelski’ Moderate Minor None None None TVM, V
‘Trust’ Moderate Minor Moderate Moderate Moderate Fl-2, FOR, LM, TVM, V
8 Interveinal chlorosis, usually on lower leaves: Minor ~25%, Moderate ~50%, Severe >75% of leaf yellowed. 
b Leaves developing purple patches: Minor ~15-50% percent of leaf area affected, Severe ~ >50% leaf area affected.
c Non-viral leaf curling; leaf edges turn upwards and eventually fold in on the center of the leaf if severe: Minor ~33% closed, Severe ~100% closed.
d Assessment of leaf mold spots (Fulva fulvium): Minor cases had ~25 spots or less on infected leaves, Moderate ~50, Severe ~>75.
e Powdery mildew was assessed in September 2012. Minor cases had spores present on several leaves, Moderate ~25% of leaves affected, and Severe ~>50%
f Advertised disease resistances of each cultivar. F = Fusarium Wilt race(s) ; TMV = Tobacco Mosaic Virus; V = Verticillium Wilt; L = Gray Leaf Spot;
LM Resistance to leaf molds a-e; FOR = Fusarium crown rot and root rot; PM = Powdery mildew;
ASC = Altemaria stem canker.








‘Arbason’ ~7 Poor Closed
‘Big Beef ~6 Moderate Closed
‘Brandywine’ up to 20 Moderate Open
‘Cobra’ Moderate - High Closed
‘Conestoga’ up to 12 Moderate Moderate
‘Geronimo’ ~5 Moderate - High Closed
‘Goliath’ ~8 Moderate - High Closed
Imperial ~6 Poor Closed
‘Jet Star’ up to 15 Moderate - High Closed
‘Lola’ 5 to 11 Moderate Moderate
‘M. Washington’ Moderate Moderate
‘Massada’ ~8 Poor Closed
‘Rebelski’ ~5 Moderate Closed
‘Trust’ 5 to 8 High Moderate
a The visual estimation of the average number of flowers on each truss. 
b The degree to which the trusses of fruit were protected by the canopy ranging 
from “poor” - or full exposure to sunlight, to “high” - where fruit was well 
protected by leaves.
c The density of branches and leaves of the cultivar, from “closed” - tight and 
dense, to “open” - larger spaces between branches and more light passing 
through the plant.
Leaf Chlorophyll Content. Leaf chlorophyll concentration was similar over two 
sample dates in 2011 (p = 0.1736), and significant differences were observed between 
cultivars (p<0.0001). ‘Arbason’ (58 + 0.83), ‘Cobra’, and ‘Conestoga’ and three others 
had the greatest leaf chlorophyll content, ‘Brandywine’ (51.45 ± 0.68), had the least, not 














Figure 4. SPAD readings from two sample dates in 2011 (n=8), with no interaction 
between cultivar and sample date (p = 0.1736). Horizontal lines within box and 
whisker plots indicate the median. Means not followed by a shared letter are 
significantly different, Tukey’s HSD (p<0.05) when ANOVA is significant (p<0.05).
Sensory Testing / Consumer Preferences. There was a significant interaction 
between sample date (n = 3) and cultivar (p < 0.0001) for three of the four sensory 
responses measured (flavor, appearance, and overall). Overall ratings from the October 
2011 testing date (3.52) were higher than September 2012 (3.26), followed by August 
2011 (2.96) (Tukey’s HSD, p < 0.05). Of the 11 cultivars present at all three tasting dates, 
‘Brandywine’ had significantly higher ratings for flavor (3.9 ± 0.13) than any other 
cultivar (Table 13). ‘Brandywine’ also had the best result for tasters’ overall impression 
(3.7 ± 0.13) along with ‘Big Beef, ‘Jet Star’, ‘Massada’ and ‘Conestoga’. ‘Big B eef had 
the highest mean response for appearance but was only different from ‘Trust’ and 
‘Geronimo’. There were no significant cultivar differences in texture (p = 0.4715). To
iI
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demonstrate the interaction between cultivar ratings and sample date, Table 14 contains 
relative rankings across the three dates for the overall ratings of tomatoes.
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Table 13. Consumer preference results rating tomatoes from 1 (worst) to 5 (best) in four categories of responses. Only the 
cultivars present at all three sample dates were statistically compared. Cherry tomato results from 2011 are listed below.
Cultivar
Flavor Texture Appearance Overall
N Rating N Rating N Rating N Rating
‘Arbason’ 70 3.0 ±0.1 ba 64 3.4 ±0.1 65 3.9 ±0.1 ab 66 3.3 ± 0.1b
‘Big Beef 70 3.1 ±0.1 b 62 3.3 ±0.1 66 4.0 ±0.1 a 65 3.4 ±0.1 ab
‘Brandywine’ 69 3.9 ±0.1 a 64 3.6 ±0.1 66 3.7 ±0.1 abc 65 3.7 ±0.1 a
‘Cobra’ 70 2.9 ± 0.1b 67 3.3 ±0.1 65 3.8 ±0.1 abc 66 3.2 ± 0.1b
‘Conestoga’ 69 3.1 ±0.1 b 65 3.3 ±0.1 65 3.7 ±0.1 abc 64 3.2 ±0.1 ab
‘Geronimo’ 70 3.0 ± 0.1b 67 3.2 ±0.1 65 3.4 ± 0.1c 67 3.1 ±0.1 b
‘Goliath’15 30 3.1 ±0.2 29 3.5 ±0.2 29 3.8 ±0.1 29 3.3 ±0.2
‘Imperial 643’ 70 3.1 ± 0.2 b 66 3.4 ±0.2 65 3.8 ±0.1 abc 67 3.2 ± 0.1b
‘Jet Star’ 70 3.2 ± 0.1b 65 3.2 ±0.1 66 3.9 ±0.1 ab 66 3.3 ±0.1 ab
‘Lola’ 70 2.9 ± 0.2 b 66 3.4 ±0.1 67 3.9 ±0.1 abc 67 3.2 ± 0.1b
‘M. Washington’15 30 3.1 ±0.2 29 3.4 ±0.2 30 3.7 ±0.2 30 3.2 ±0.2
‘Massada’ 68 3.2 ± 0.1b 66 3.6 ±0.1 65 3.9 ±0.1 abc 68 3.4 ±0.1 ab
‘Rebelski’15 30 2.8 ±0.2 29 2.7 ±0.2 29 3.6 ±0.2 30 2.9 ±0.2
‘Trust’ 68 3.1 ±0.1 b 64 3.5 ±0.1 63 3.4 ±0.1 be 66 3.2 ± 0.1b
‘Goldi,c 40 4.1 ±0.2 38 4.1 ±0.1 37 4.2 ±0.1 37 4.1 ±0.2
‘Sun Gold’0 40 3.9 ±0.2 38 4.0 ±0.1 38 3.8 ±0.2 37 3.9 ±0.1
‘Toronjina’0 18 3.6 ±0.2 16 3.9 ±0.2 15 3.9 ±0.2 13 3.8 ±0.2
a Data are means (n=3) ± standard error. Means not followed by a shared letter are significantly different, 
Tukey’s HSD (p<0.05) when ANOVA is significant (p<0.05). 
b Cultivars grown in 2012 only and excluded from overall means comparison tests. 
c Cultivars grown in 2011 only and excluded from overall means comparison tests.
Table 14. Examples of variability in consumer preference rankings of “overall” 
cultivar impressions for three different testing dates. Cultivars highlighted in bold 
either placed first or last on one test date. Eleven cultivars were evaluated in 2011 









‘Arbason’ 8 7 6
‘Big Beef 2 4 10
‘Brandywine’ 1 2 3
‘Cobra’ 5 9 11
‘Conestoga’ 3 10 9
‘Geronimo’ 9 11 4
‘Goliath’ - - 5
‘Imperial 643’ 10 8 1
‘Jet Star’ 4 1 13
‘Lola’ 11 3 7
‘M. Washington’ - - 8
‘Massada’ 7 6 2
‘Rebelski’ - - 12
‘Trust’ 6 5 14
Fruit Quality. In 2012, ‘Arbason’ had the highest penetrometer readings of the 
cultivars evaluated (988 ± 45.3 PSI) and was not different from seven others; date (n = 3) 
did not influence PSI results (Figure 5). ‘Brandywine’ (646 ± 75.1 PSI) had lowest 
penetrometer readings, not different from 10 others. Date (n = 4) influenced Brix values 
(p = 0.0009), generally increasing as the season progressed (Figure 6). Across all sample 
dates, ‘Lola’ had the highest mean percent soluble solids (5.4 ± 0.12), not different from 




Figure 5. Force (PSI) required to break fruit skin of each cultivar in 2012 sampled 
on three dates. Means not followed by a shared letter are significantly different, 
Tukey’s HSD (p<0.05) when ANOVA is significant (p<0.05). Data are means ± 
standard error (n=3).
08/30
Figure 6. A) Brix values for all cultivars on four sample dates in 2012. B) Cultivar 
differences in soluble solid content across all sample dates. Data are means ±
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standard error (n=4). Means not followed by a shared letter are significantly 
different, Tukey’s HSD (p<0.05) when ANOVA is significant (p<0.05).
Physiological Disorders and Disease by Cultivar
Across all cultivars, the frequency of physiological disorders was generally higher 
in 2012 than 2011 (Figure 7). Blossom end rot affected cultivars more uniformly in the 
second season, and catfacing, disease, and “other” disorders remained relatively constant. 
Along with blossom end rot, ripening and cracking type disorders generally increased 
from 2011 to 2012.
c
(A )2011 (B) 2012
S I
Variety
Figure 7. The frequency of disorders grouped into broader categories (Table 3) by 
cultivar for A) 2011 and B) 2012. Multiple disorders observed on the same tomato 
can result in totaled frequencies >1.0.
NMDS. The relationship between the abundance and presence of physiological 
disorders and disease in tomato cultivars was examined using NMDS. Cultivars that were 
unique in the presence and abundance of physiological disorders were separated in
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ordination space (distance from each other), while others with similar disorders ordinate 
closely. In 2011, the cumulative proportion of variance represented in the ordination 
(NMDS) was r ^  0.838, and the final stress was 18.45, p = 0.004. Yellow shoulder (r2 = 
0.717) and split tomatoes (r2= 0.7) aligned strongly with axis 1 (total variation r2 = 
0.686), along with seven other disorders r2 >0.20. Uneven ripening (r2= 0.376) and 
radial cracking (rl = 0.263) correlated with axis 2 (total variation r2= 0.152). 10 disorders 
did not correlate with either axis, r2 < 0.20, and did not greatly influence cultivar 
differences (Table 15).
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Table 15. Pearson and Kendall axis correlation scores for 2011 and 2012 
physiological disorders by cultivar NMDS ordinations (Figures 7 & 8). Values with 













Animal Damage n.a.a n.a. 0.047b 0.002 0.051
Anthracnose 0.124 0.001 0.002 0325 0389
B.E.R. 0.01 0.043 0.046 0358 0377
B.E.R. Scab 0 0.021 0.046 0.038 0.084
Blemish 0.284 0.111 0.003 0.027 0.02
Catfacing 0349 0.01 0.124 0 0.062
Concentric Cracking 0.116 0.077 0 0.189 0.093
Connected Fruit n.a. n.a. 0.002 0.01 0
Evenness 0.159 0304 0.109 0.003 0301
Fruit Rot 0.002 0 0325 0.007 0.146
Gold Fleck n.a. n.a. 0.196 0.087 0.048
Insect Damage 0 0.147 0.006 0.001 0
Number of Fruit 0.096 0.027 0332 0.02 0.044
Radial Cracking 0339 0363 0.7 0.057 0.089
Rain Checking 031 0 0316 0.043 0.003
Shannon Diversity 0.186 0.16 0 3 0.006 0301
Simpson Diversity 0.174 0.102 0.132 0 037
Small Fruit 0308 0.025 0.007 0.022 0.001
Soft Rot 0.051 0.03 0.019 0.031 0.001
Sp. Richness 0.042 0.02 0.103 0.036 0.162
Split Body 0.7 0.013 0304 0.024 0.026
Square Shoulders 0335 0.016 n.a. n.a. n.a.
Sunscald 0.094 0.006 0.004 0.028 0.046
Target Spot 0.001 0.027 0.097 0.049 0364
Uneven Ripening 0357 0376 0.182 0352 0.018
Yellow Shoulder 0.717 0.022 0.686 0.047 0.097
Yield 0.118 0.186 0.01 0 0.114
Zippering 0.053 0.029 0.002 0.104 0.065
a Disorder not observed or recorded. 
b Pearson and Kendall correlation 
values.
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‘Brandywine’ and ‘Conestoga’ were similar in the disorders they expressed, 
characterized by yellow shoulder, split fruit, radial cracking, and catfacing (Figure 8). 
‘Geronimo’ and ‘Jet Star’ differed from those cultivars primarily along axis 1, by 
expressing rain checking and square shoulder. The remaining cultivars were largely 
similar in the disorders corresponding with axis 1, and instead differed in those disorders 
correlating with axis 2 such as uneven ripening and radial cracking. The greater diversity 
in physiological disorders seen in ‘Jet Star’ or ‘Trust’ corresponds with greater evenness 
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perMANOVA P  Valae
Jet Star v. Geronimo or Cobra 0.086.0.086
Massada v. Trust. Imperial, or Cobra 0.06.0.06,0.06
Imperial 643v. Trust 0.055
Axis 1 (r2 68.6%)
Figure 8. NMDS ordination depicting the frequency and composition of 
physiological disorders by cultivar for the entire 2011 growing season. For each 
cultivar, lines connect the outermost values of each of the four blocks in the study, 
and the centroid (+) is the average position for each cultivar. Bi-plots (vectors) 
shown represent correlations with an r2> 0.20 and are shown at 100% scale. Bi­
plots are physiological disorders, yield data, and diversity indices calculated on the 
community of disorders: D’ = Simpson Diversity Index, H = Shannon Weiner 
Diversity Index, E = Evenness. The total variation explained by the ordination is 
83.8%, final stress = 18.45, p = 0.004.
The table inset represents cultivars not significantly different from each other in the 
frequency and composition of disorders expressed and their corresponding p-value 
from a perMANOVA test. All remaining cultivars are significantly different from 
each other with pairwise comparisons of p < 0.035.
In 2012, the cumulative variation explained by the ordination is r2 = 0.797, final 
stress 15.83, p = 0.004. Yellow shoulder (r2 = 0.686), rain checking (r2 = 0.516) and four 
other factors r2 > 0.20 correlated with axis 1 (total r2 = 0.494). Blossom end rot (r2 = 
0.358), uneven ripening (r2 = 0.252), and anthracnose (r2 = 0.225) correlated with axis 2
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(total r2 = 0.174). Axis 3 explained 12.9% of the variation, and correlated with six factors 
(Table 15).
Similar to 2011, ‘Brandywine’ and ‘Conestoga’ were distinguished by many of 
the same physiological disorders as the previous season along with ‘Goliath’ and ‘Martha 
Washington’, separated in ordination space from many other cultivars along axis 1 
(Figure 9). ‘Geronimo’, ‘Imperial 643’, ‘Massada’, ‘Rebelski’, and ‘Lola’, were 
dissimilar cultivars from ‘Brandywine’ along axis 1, but were differentiated along axis 2 
and 3. ‘Imperial 643’, ‘Trust’ and ‘Massada’ were correlated with uneven ripening, while 
‘Rebelski’ and ‘Massada’ were characterized by a diverse and even set of disorders. 
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Axis 1 (r2 49.4%)
perMANOVA P Value
Big Beef v. Goliath or Martha Washington 0.34,0.057
Conestoga v. Martha Washington or Jet Star 0.12,0.059
Imperials 643 v. Lola 0.11
Geronimo v. Trust or Imperial 643 0.058,0.056
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Figure 9. NMDS ordination depicting the frequency and composition of 
physiological disorders by cultivar for the entire 2012 growing season on three 
explanatory axes. For each cultivar, lines connect the outermost values of each of 
the four blocks in the study, and the centroid (+) is the average position for each 
cultivar. Bi-plots (vectors) shown represent correlations with an r2> 0.20 and are 
shown at 100% scale. Bi-plots are physiological disorders, yield data, and diversity 
indices calculated on the community of disorders: D’ = Simpson Diversity Index, H 
= Shannon Weiner Diversity Index, E = Species Evenness. The total variation 
explained by the ordination is 79.7%, final stress = 15.83, p = 0.004.
The table below represents cultivars not significantly different from each other from 
a perMANOVA test. All remaining cultivars are significantly different to p < 0.034.
perMANOVA. In 2011, cultivar community differences are supported by a 
perMANOVA test, using 20 physiological disorders and diseases observed in the high 
tunnel. There were significant overall differences (p = 0.0002), with most pairwise 
comparisons significant p < 0.035 (exceptions are listed in table inset in Figure 7). In 
2012, community differences were significant (p = 0.0002) and all pairwise comparisons 
were significant to p < 0.034 (exceptions are listed in table inset in Figure 8).
Indicator Species Analysis. Indicator species analysis (ISA) demonstrates that in 
2011, some physiological disorders were closely associated to particular cultivars. Split 
tomatoes and catfacing were strong indicators of the cultivar ‘Brandywine’. ‘Lola’ was 
associated with blossom end rot, and yellow shoulder with ‘Conestoga’. Other indicator 
disorders were square shoulder in ‘Geronimo’, and concentric cracking in ‘Massada’ 
(Table 16).
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Table 16. ISA results from 2011, grouping physiological disorders by cultivar. 
Relationships between cultivar and individual disorders are ranked by indicator 
value (IV) strength with higher values showing greater fidelity and abundance 
within a particular cultivar. 4,999 permutations were performed and the overall 
significance for the ISA test was p = 0.0002. The observed sum of maximum IV 
scores across all disorders = 435.4. The number of randomization runs with the sum 
of max IV > the observed value = 0.
Disorder Cultivar" IVb Mean* a p-value
Split Fruit ‘Brandywine’ 30.7 17.1 2.9 0.0004
BJEJR. ‘Lola’ 37.9 17.6 5.0 0.001
Catfacing ‘Brandywine’ 23.1 14.4 1.9 0.001
Uneven Ripening ‘Arbason’ 14.7 12.3 0.8 0.0014
Yellow Shoulder ‘Conestoga’ 22.9 15.2 2.1 0.0018
Radial Cracking ‘Big B eef 15.0 12.4 1.0 0.0142
Square Shoulder ‘Geronimo’ 46.4 17.6 10.2 0.0188
Concentric Cracking ‘Massada’ 20.2 15.6 2.6 0.0474
Sunscald ‘Conestoga ’ 403 173 9.9 0.0984
Zippering ‘Big B ee f 20.2 16.6 4.4 0.2172
Rain Checking ‘Lola’ 14.0 13.2 1.1 0.2242
Small Fruit ‘Conestoga ’ 19.0 16.7 5.2 02667
Anthracnose ‘Arbason ’ 19.1 16.6 4.9 02693
Target Spot ‘Conestoga ’ 18.5 17.7 6.1 03419
Soft Rot ‘Geronimo ’ 18.8 203 9.6 0.4485
Blemish ‘Geronimo ’ 14.9 14.7 2.0 0.4553
Insect Damage ‘Arbason ’ 13.5 14.6 2.1 0.6755
Rot ‘Massada ’ 8.8 16.4 5.9 0.8886
B £ R . Scab ‘Lola’ 125 16.7 9.4 1
Connected Fruit ‘Geronimo ’ 25.0 25.0 0.4 1
a Cultivar with maximum IV for given disorder. 
b Indicator Value (IV) 1 to 100; higher values are “better” indicators. 
c Mean IV observed.
In 2012, uneven ripening was associated with ‘Imperial 643’ and concentric 
cracking with ‘Massada’. ‘Brandywine’ was identifiable by the presence of several 
disorders: splitting, yellow shoulder, rotting, and radial cracking. Blossom end rot that 
had scabbed and healed was associated with ‘Jet Star’ (Table 17).
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Table 17. ISA results from 2012, grouping physiological disorders by cultivar. 
Relationships between cultivar and individual disorders are ranked by indicator 
value (IV) strength with higher values showing greater fidelity and abundance 
within a particular cultivar. 4,999 permutations were performed and the overall 
significance for the ISA test was p = 0.0004. The observed sum of maximum IV 
scores across all disorders = 389.7. The number of randomization runs with the sum 
of max IV > the observed value = 1.
Disorder Cultivar® IVb Mean0 o p-value
Uneven Ripening ‘Imperial 643’ 13.9 10.3 0.9 0.0002
Split Fruit ‘Brandywine’ 26.4 13.9 2.3 0.0002
Concentric Cracking ‘Massada’ 16.0 11.4 1.2 0.0008
Yellow Shoulder ‘Brandywine’ 17.0 11.8 1.4 0.0018
Rot ‘Brandywine’ 23.7 13.9 3.5 0.0028
Radial Cracking ‘Brandywine’ 12.9 10.3 0.8 0.0048
B.E.R. Scab ‘Jet Star’ 21.8 14.1 3.8 0.0316
Rain Checking ‘Trust’ 143 11.9 1.5 0.066
Animal Damage ‘Trust’ 38.0 16.1 8.8 0.0712
Gold Fleck ‘Massada’ 20.7 14.4 4.0 0.089
Blemish ‘M. Wash.’ 24.7 15.5 7.8 0.1058
Soft Rot ‘Conestoga ’ 21.0 15.1 5.7 0.1346
Target Spot ‘Massada ’ 14.0 123 1.8 0.1694
Catfacing ‘Jet Star’ 11.9 11.0 1.1 0.2062
B.ER. 'Jet Star’ 11.4 10.6 1.0 0.218
Anthracnose ‘Rebelski ’ 15.9 13.7 2.9 0.2472
Zippering ‘Big B ee f 14.3 13.7 4 3 0.2725
Small Fruit ‘Conestoga ’ 15.9 15.1 6 3 0.3493
Insect Damage ‘Goliath’ 10.1 12.2 1.6 0.9128
Square Shoulder ‘Geronimo ’ 25.0 25.0 0.4 1
Sunscald ‘Jet Star ’ 8 3 14.7 9.8 1
Connected Fruit ‘Rebelski ’ 12.5 16.0 8.7 1
a Cultivar with the maximum IV for given disorder. 
b Indicator Value (IV) 1 to 100; higher values are “better” indicators. 
c Mean IV observed.
Physiological Disorders and Disease bv Harvest Date
perMANOVA. In both growing seasons the community characteristics (presence 
and abundance) of disorders within 15-day periods shifts chronologically throughout the
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growing season (2011 and 2012 perMANOVA overall p = 0.0002, all pairwise 
comparisons p<0.04).
NMDS. For both growing seasons, the NMDS ordination indicates differences 
between production weeks in the expression of physiological disorders. In 2011, the 
cumulative proportion of variance explained is r2 = 0.984, final stress = 4.5, p = 0.004 
(Figure 10). Blossom end rot corresponds with the earliest harvest (r2 = 0.724), while 
subsequent harvests in the first half of the season are largely defined along axis 1, total r2 
= 0.972, by the amount of uneven ripening (r2 = 0.895), yellow shoulder (r2 = 0.733), and 
fruit splitting disorders present (including: radial cracking, splitting, concentric cracking, 
rain checking: r2 = 0.724 - 0.391) (Table 18). The second half of the season, production 
weeks 7-14, show a greater degree of separation along Axis 2, r = 0.012, the drivers of 
which are rain checking (r2 = 0.439), blemishes (i^= 0.428), anthracnose (r2 = 0.419), and 













Axis 1, r2 97.2%
Figure 10. NMDS ordination depicting the frequency and composition of 
physiological disorders by production weeks (15 day periods) over the course of the 
2011 growing season. Production week 1-2 corresponds with 55-70 DAT, 3-4 = 71- 
86,5-6 = 87-102,7-8 = 103-118,9-10 = 119-134,11-12 = 135-150, and 12-13 = 151- 
166 DAT. For each production week grouping, four points represent the mean 
values for each of the four blocks in the study, and the centroid (+) is the average 
position of the four blocks for each production week grouping. The bi-plots (vectors) 
shown represent correlations r2> 0.50 and are scaled to 50% of their relative length. 
Successional vectors (arrows left to right) follow block #1 through each time point of
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the growing season. The total variation explained by the ordination is 98.4% , final 
stress = 4.5, p = 0.004. All production week groupings are significantly different in 
the composition and abundance of disorders expressed (perMANOVA all pairwise 











9-10 V  11-12
Axis l , r  2 87.7%
Figure 11. NMDS ordination depicting the frequency and composition of 
physiological disorders by production weeks (15 day periods) over the course of the 
2012 growing season. Production week 1-2 corresponds with 63-78 DAT, 3-4 = 79- 
94,5-6 = 95-110,7-8 = 111-126,9-10 = 127-142, and 11-12 = 143-158 DAT. For each 
production week grouping, four points represent the mean values for each of the 
four blocks in the study, and the centroid (+) is the average position of the four 
blocks for each production week grouping. The bi-plots (vectors) shown represent 
correlations r2 > 0.40 and are scaled to 50% of their relative length. Successional 
vectors (arrows left to right) follow block #1 through each time point of the growing 
season. The total variation explained is 953% , final stress = 8.7, p = 0.004. All 
production week groupings are significantly different in the composition and 
abundance of disorders expressed (perMANOVA all pairwise comparisons p < 
0.033).
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Table 18. Pearson and Kendall axis correlation scores for 2011 and 2012 production 
week groupings by physiological disorder NMDS ordinations (Figures 9 & 10). 
Values with r > 0.20 are highlighted in bold.
Disorder
2011 2012
Axis 1 (r2) Axis 2 (r2) Axis 1 (r2) Axis 2 (r2)
Animal Damage n.a.a n.a. 0.02 0.05
Anthracnose 0.123 0.419 0345 0.154
B.E.R. 0.724 0.089 0.786 0.134
B.E.R. Scab 0.025 0 0.001 0.674
Blemish 0343 0.428 0.131 0.011
Catfacing 0.143 0.094 0.093 0.087
Concentric Cracking 0.488 0367 0.795 0.07
Connected Fruit 0.009 0.082 0 0
Fruit Rot 0.136 0.006 0302 0.048
Gold Fleck n.a. n.a. 0 0.475
Insect Damage 0364 0.033 0309 0
Number of Fruit 0.174 0.451 0309 0.424
Radial Cracking 0.724 0.001 0456 0.01
Rain Checking 0391 0.439 0.799 0.022
Small Fruit 0382 0.083 0.009 0.065
Soft Rot 0.085 0339 0.073 0.104
Split Body 0.7 0.109 0363 0301
Square Shoulders 0.136 0306 0.082 0.009
Sunscald 0.055 0.072 0395 0.003
Target Spot 0334 0346 0.617 0348
Uneven Ripening 0395 0.087 0387 0.02
Yellow Shoulder 0.733 0.101 0.755 0.006
Yield 0373 0364 0.095 0343
Zippering 0.196 0.007 0316 0.103
a Disorder not identified and recorded in 2011.
In 2012, the cumulative proportion of variance explained in the NMDS ordination 
was r2 = 0.953, final stress = 8.7, p = 0.004 (Figure 11). Some of the disorders correlated 
with axis 1 (total r2 = 0.877) included rain checking (r2 = 0.799), concentric cracking (r2 = 
0.795), blossom end rot (r2 = 0.786), and nine others r2> 0.20 (Table 16). Scarring from 
blossom end rot, gold flecking, splitting fruit, and target spots were correlated with axis 2
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(r2 = 0.674 - 0.248). Average yield (r2 = 0.543) and the average number of fruit per plant 
(f2 = 0.424) were associated with the second axis (total r2 = 0.077).
Indicator Species Analysis. Some individual disorders were strong indicators of 
production weeks in the 2011 growing season (Table 19). Blossom end rot was 
predominantly found in production week 1-2. Catfacing in production week 5-6, radial 
cracking in production weeks 7-8, and square shoulder in production week 11-12. The 
final production weeks had the most indicator species including anthracnose, rain 
checking, concentric cracking, splitting, and small tomatoes.
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Table 19. ISA results from 2011, grouping physiological disorders by production 
week. Relationships between production week and individual disorders are ranked 
by indicator value (TV) strength with higher values showing greater fidelity and 
abundance within a particular period of time. 4,999 permutations were performed 
and the overall significance for the ISA test was p = 0.0002. The observed sum of 
maximum IV scores across all disorders = 647.4. The number of randomization runs 
with the sum of max IV > the observed value = 0.
Disorder
Production
Week" IVb Meanc o P-Value
B.E.R. 1-2 39.6 23.0 6.2 0.0042
Anthracnose 13-14 76.9 24.2 11.8 0.0044
Catfacing 5-6 30.4 21.7 2.9 0.0046
Radial Cracking 7-8 23.3 19.2 1.5 0.007
Square Shoulder 11-12 75.3 22.6 11.8 0.0076
Rain Checking 13-14 36.9 23.5 5.5 0.0156
Concentric Cracking 13-14 32.1 22.9 4.3 0.0226
Split Fruit 13-14 20.2 18.0 1.1 0.0322
Uneven Ripening 11-12 20.8 18.8 1.1 0.042
Small Fruit 13-14 28.0 21.7 4.3 0.045
Yellow Shoulder 13-14 203 18.7 1.1 0.0612
Blemish 13-14 27.2 21.8 3.5 0.073
Soft Rot 13-14 39.6 22.8 11.8 0.139
Rot 7-8 29.5 23.0 8.6 0.1846
Zippering 5-6 28.4 23.0 5.8 0.1986
Target Spot 13-14 30.5 23.7 6.9 0.2104
Insect Damage 11-12 26.2 22.8 4.9 0.2745
Sunscald 13-14 24.7 16.3 9.2 0.4013
B.EJR. Scab 11-12 12.5 19.6 113 1
Connected Fruit 7-8 25.0 25.0 0.4 1
a Group with the maximum IV for given disorder. 
b Indicator Value (IV) 1 to 100. 
c Mean IV observed.
In 2012, blossom end rot was identified with production weeks 1-2, and the 
associated scarring from that disorder to production weeks 3-4 (Table 20). Uneven 
ripening was an indicator of production weeks 5-6, and concentric cracking with 
production weeks 7-8. Split fruit was associated production week 9-10. The last harvest
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period, production weeks 11-12, had several indicator disorders: anthracnose, target spot, 
and radial cracking.
Table 20. ISA results from 2012, grouping physiological disorders by production 
week. Relationships between production week and individual disorders are ranked 
by indicator value (TV) strength with higher values showing greater fidelity and 
abundance within a particular period of time. 4,999 permutations were performed 
and the overall significance for the ISA test was p = 0.0006. The observed sum of 
maximum IV scores across all disorders = 658.6. The number of randomization runs 
with the sum of max IV > the observed value = 2.
Disorder
Production
Week8 IVb Mean' o P-Value
Anthracnose 11-12 74.7 26.9 11.62 0.0044
B.E.R. 1-2 39.4 25.9 3.96 0.006
Split Fruit 9-10 27.5 21.1 1.83 0.006
Target Spot 11-12 37.8 26 5.33 0.006
B.E.R. Scab 3-4 45.5 25.8 8.03 0.0102
Radial Cracking 11-12 20.5 18.7 0.84 0.0384
Uneven Ripening 5-6 22.3 20 1.24 0.0394
Concentric Cracking 7-8 26.6 22.9 2.12 0.0396
Insect Damage 9-10 27.9 23.4 253 0.0592
Yellow Shoulder 11-12 213 19.8 1.02 0.0736
Zippering 1-2 34.8 24.8 6.7 0.0768
Gold Fleck 3-4 30.6 25.8 4 36 0.1466
Soft Rot 5-6 36.1 25.7 7.49 0.1498
Small Fruit 5-6 39.6 27.2 9.07 0.1876
Rain Checking 11-12 23.9 22.4 1.9 0.2328
Catfacing 1-2 20.5 19.8 1.19 0.2623
Blemish 11-12 28.7 24.6 11.43 03187
Sunscald 1-2 253 22.3 12.96 0.4409
Rot 5-6 25.8 26.2 5.77 0.5119
Square Shoulder 11-12 25 25 035 1
Animal Damage 3-4 12.5 185 13.78 1
Connected Fruit 1-2 125 19.1 14.3 1
a Group with the maximum IV for given disorder. 
b Indicator Value (IV) 1 to 100.
0 Mean IV observed.
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Discussion
Given their economic and cultural importance, tomatoes offer a unique 
connection between growers and consumers, especially at a local level. Differences in 
growth habit, disease resistance, and a host of other characteristics expressed by tomatoes 
forces growers to choose cultivars based on many criteria and unfortunately, consumers 
are often blind to those constraints. Additionally, the more variables there are of interest 
to the grower the greater the likelihood is of observing tradeoffs between cultivars. 
Despite these challenges, cultivar choice remains one of the most important decisions 
growers make (Williams and Roberts 2002). Cultivar trials can aid in this decision 
making process by making these tradeoffs apparent and understandable.
Results from this cultivar trial indicate that there are many ways that tomato 
cultivars differentiate themselves from each other, that is, that some differences were 
observed between cultivars in almost every variable measured. Even in the categories of 
greatest traditional importance, such as yield, rarely is there a clear “winner”; instead, 
several cultivars are superlative and several unproductive. Additionally, the cultivars did 
not respond uniformly to differences between growing seasons. The variability between 
cultivars, absence of discrete positive or negative performers, and cultivar by season 
interactions greatly complicate the recommendation process. These data do suggest that 
multiple cultivars may be suitable and successful for growers when their site-specific 
information is considered.
Environmental Differences and High Tunnel Performance. Differences in yield 
between seasons is not uncommon, but was marked in this study. Weather, specifically 
temperature, is one possible determinant of these differences. High cumulative GDD and
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GDD accumulation rates are predicted to reduce marketable yields (Snider et al. 2012).
At lower temperature ranges, growing degree days (GDD) have been shown to advance 
tomato maturity (Reeve and Drost 2012) and earlier maturity can improve yields 
(Waterer 2003, Howell 2012); the differences in GDD between seasons were minimal 
however (only + 54 GDD in 2011), and the warmer early months of 2012 did not appear 
to contribute to an earlier maturity than observed in 2011. Overall, it is possible that a 
combination of temperature, weather, and disease pressure may have been partially 
responsible for yield differences, as has been observed elsewhere (O'Connell et al. 2012).
Yield declines for all cultivars in the second season for both marketable and 
overall yield was likely affected by soil fertility. There was no significant difference 
between years in mean marketable weight per plant when comparing the first half of the 
two seasons (p = 0.1873, for aggregated production weeks 1-6). There was however, a 
significant decrease of 0.85 kg plant*1 in the second half of the 2012 season, (p < 0.0001, 
for aggregated production weeks 7-13). While the 2011 harvest season was longer (yields 
in 2011 production weeks 13-14 were 0.51 ± 0.067 kg plant'1) the majority of the yield 
disparity between years came from plant production rates later in the season, and not the 
duration of the harvest season.
Soil tests indicated that although there were adequate levels of nutrients at the 
beginning of both growing seasons, those levels were lower in 2012. This implies that the 
applied fertility in 2011 was not sufficient for all of the biomass removed through fruit 
harvest and pruning, and ambient soil fertility was depleted. Mistakenly low levels of 
applied fertility exacerbated this decline in soil fertility in 2012. Nutrient deficiencies 
from leaf tissue analysis confirm that plants within the high tunnel were experiencing
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nutrient deficiency around the same time that marketable yield began to diverge from 
2011 levels.
Cultivar bv Year Interactions in Yield. Consistency, or resilience to change in the 
second season, and not increased production, allowed for a relative improvement in yield 
ranking for some cultivars. The marketable yield decreased in 2012, but the decline was 
not uniform across all cultivars. Although the total yield was low, the marketable yield of 
‘Brandywine’ was remarkably consistent between years, and as a result, it improved in 
rankings the second year. ‘Cobra’ improved from one of the lowest yielding cultivars in 
2011 to one of the highest in 2012. The marketable yield of ‘Brandywine’ and ‘Lola’ 
were the most resilient to year differences, 12.7% and 24% decline respectively, while 
‘Big Beef, ‘Jet Star’, ‘Geronimo’, and ‘Conestoga’ all declined between 49.8% and 
55.8%.
The yield ranking for the highest quality fruit (rating 1) was generally consistent 
between years, and yields followed the total amount of marketable fruit. There were 
several deviations from this trend, for example in 2011, ‘Jet Star’ and ‘Massada’ did 
respectively better in quality #1 yield than their marketable yield would suggest. Despite 
the high marketable yield of ‘Arbason’ its best quality fruit yield was comparatively low, 
and similarly, ‘Imperial 643’ was 4th in marketable yield but 10th in producing the highest 
quality fruit. In 2012, ‘Big Beef ranked fourth in marketable yield but just eighth in 
highest quality yield.
Harvest Timing and Green Tomatoes. The observed differences in the timing of 
fruit production between cultivars did not seem to have an important impact on yield, but 
may be a practical consideration in cultivar choice. Production patterns in 2011 indicate
68
that differences in output over time by different cultivars could be used to moderate the 
total high tunnel production throughout the growing season. These patterns were not 
observed in 2012, however, when peak production was confined to the early part of the 
season.
Similarly, the amount of green tomatoes left on the vine at the end of the season 
did not appear to correlate with in-season production. However, management plans could 
include topping plants that continue to produce heavy yields as the season is ending, 
while saving labor by not pruning cultivars that dramatically slow in production on then- 
own.
The Role of Physiological Disorders in Marketable Yield. The marketable yield 
and ratio of unmarketable : marketable fruit are important factors defining the 
performance of different tomato cultivars. Marketable yield is ultimately determined by 
the potential output and the sources of quality loss characteristic of a given cultivar. 
However, the magnitude of marketable yield lost as a product of certain physiological 
disorders appears to depend at least partially on environmental conditions. Understanding 
how cultivars interact with yield beyond their absolute performance is an important 
component of our understanding of yield loss and can greatly inform cultivar selection 
and management decisions.
Neither unmarketable yield, nor the proportion of unmarketable yield to total 
yield was predictive of marketable fruit production in either growing season. Total yield 
was a good predictor of marketable yield only in the 2011 season. This may suggest a 
complex relationship between environment (season), cultivar, and the causes of yield 
loss.
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In 2011, under what were likely near ideal conditions, marketable yield was 
closely tied to total overall yield — cultivars that produced the most fruit produced the 
most marketable fruit. There were four minor deviations when comparing the rankings of 
total and marketable yield: ‘Jet Star’ and ‘Trust’ had slightly more marketable fruit than 
their total yields suggested, ‘Brandywine’ and ‘Conestoga’ performed slightly worse.
In 2012, when growing conditions were poor, the close association between total 
yield and marketable yield was lost. The marketable yield for only four cultivars followed 
rank order of total yields, while 10 others deviated from this pattern, sometimes 
drastically. For example, the high yield producing cultivars ‘Geronimo’ and ‘Imperial 
643’ performed worse than expected, and their proportion of unmarketable fruit nearly 
doubled from 2011 to~31% . ‘Brandywine’, ‘Goliath’, ‘Martha Washington’ and 
‘Conestoga’ also performed worse than their total yield predicted, and suffered from high 
rates of unmarketable fruit (32 - 39%). In contrast, ‘Arbason’, ‘Cobra’, ‘Jet Star’, and 
‘Big Beef all had marketable yields that exceeded expectations, (yields from 13% - 28% 
unmarketable). Notably, ‘Cobra’ was the 10th greatest producer in total yield, but the 
third best in marketable yield in 2012.
NMDS ordinations and the perMANOVA grouping test suggested that the 
communities of physiological disorders, with few exceptions, were unique among 
cultivars. The disparity observed between total yield and marketable yield, especially in 
2012, can be linked to these disorders. With some exceptions, the cultivars with better 
than expected marketable yields in both years expressed a balanced community of 
physiological disorders absent of any particularly dominant disorder. These cultivars 
were oriented centrally in ordination space, especially along the NMDS axis 1 which
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explained the most variation. In both seasons, ‘Brandywine’, and ‘Conestoga’, along with 
‘Goliath’ (2012 only), yielded less marketable fruit than expected, and yields were 
primarily lost to fruit rot, yellow shoulder, and splitting. In 2012, the unmarketable 
portion of yield increased for ‘Imperial 643’, which correlated with uneven ripening, and 
‘Geronimo’, which was impacted by blossom end rot.
When growing conditions were good (2011), the inherent productive capability of 
a cultivar appeared to drive differences in marketable yield. Under these conditions, total 
yield was a satisfactory indication of the amount of marketable fruit and quality loss that 
can be expected. When growing conditions were poorer (2012), marketable yield did not 
strictly follow total yield. For certain cultivars, the tendency to express or resist certain 
physiological disorders can drive the relative marketable yield up or down from the 
expectation, with labor implications regarding the management requirements for handling 
high proportions of unmarketable fruit.
Physiological disorders result from multiple factors, some of which are directly 
related to management. For example, cracking disorders are driven by temperature and 
calcium availability (Huang and Snapp 2004) and increase with increasing irrigation 
(Peet and Willits 1995). Another important disorder, blossom end rot, is influenced by the 
susceptibility to calcium stress (perhaps a cultivar trait) coupled with an additional 
environmental stress such as irrigation, temperature, or others (Saure 2001). On farm 
efficiencies can be gained by recognizing cultivars that will produce greater than 
anticipated yields of marketable fruit, as well as understanding and addressing the 
sources of quality loss whenever possible to prevent unexpectedly low yields.
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Cultivar alone, only partially explains the presence and distribution of 
physiological disorders. We see that time periods throughout the growing season are an 
excellent explanatory tool for the presence of certain disorders. Ordination of the 
production weeks in NMDS described a very large proportion of variation (e.g. 95.3% in 
2012), and the observed group differences were supported by distinctly different 
production weeks measured in perMANOVA. Understanding the manner in which 
certain disorders are expressed, especially for susceptible cultivars, increases the 
opportunities for managing yield loss. Creating management opportunities, rather than 
avoiding susceptible cultivars, may make diversification more palatable and increase the 
number of cultivars considered by growers.
For example, blossom end rot is a key early season disorder. As the season 
progresses, uneven ripening, yellow shoulder, and the fruit cracking and splitting 
disorders increase. Identifying those disorders that can be effectively managed (e.g. 
through soil amendments, or changes in irrigation practices), and combining that 
knowledge with which cultivars are particularly susceptible and when the disorders are 
most damaging, increases the opportunity to grow a greater number of cultivars. This 
approach is potentially an improvement over managing yield loss solely through cultivar 
selection, by avoiding a cultivar with an undesirable characteristic.
Sensory Testing / Consumer Preferences. Consumer preferences are difficult to 
assess, therefore several caveats accompany sensory testing results. The dramatic 
variability in rank order of cultivars across tasting dates, accompanied with a very narrow 
mean range of responses led to poorly fitting models (r ~ 0.15). While there were some 
statistical differences, the evidence suggests that our methodology may have been overly
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influenced by factors such as personal preference or the ripeness of the tomato than by an 
inherent characteristic of the cultivar. Barrett et al. (2012) noted difficulties with testing 
fruit of dissimilar maturity and ripeness, or fruit between two different growing seasons 
when those seasons differ in overall productivity. Additionally, univariate analysis of this 
data assumes that volunteers exhibited similar preferences (Pagliarini et al. 2001), and 
therefore the mean response is representative of all those participating, when in fact this 
may not be the case. While clearly some tomatoes scored better than others did, the 
results were not categorical, and because of the observed variability, caution should be 
taken when interpreting these results.
Participants were asked for an open ended impression of each cultivar and those 
responses were compiled into a word cloud (e.g., Figure 12 and 13). Word clouds include 
all responses given, both positive and negative, and the size of the word or phrase 
corresponds with the frequency of its use (i.e. a comment made multiple times is larger 
than one made a single time). Although subjective in nature, these figures give the reader 
information about both the overall response and the degree of agreement between tasters. 
Obtaining clear and decisive results from a modestly scaled sensory test is difficult, 
however, word clouds can be used as an interpretative aid alongside more traditional 
approaches.
Using figure 12 as an example, the dominant impression of ‘Imperial 643’ from 
the 2012 sensory attribute test was “sweet” followed by “delicious”. A few participants 
responded poorly to the flavor, while several more disagreed with the texture. The sample 
for ‘Jet Star’ in 2012 likely contained an off-flavored tomato and participants responded 
accordingly, calling it “bland, soft, watery, mushy” and many other descriptions related
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to poor texture, while only a handful commented positively (Figure 13). This qualitative 
approach contains a large amount of information about the characteristics of a tomato and 
why it was or was not well received. In contrast, the numerical “overall” result for 
‘Imperial 643’ was 3.2 and ‘Jet Star’ was 3.3 (scale = 1-5, with 5 being the best), which 
masks the variability both within and between sample dates.
Figure 12. A Wordle" example created using a free online word cloud generator 
(www.wordle.net). All participant comments were recorded and compiled for each 
cultivar and descriptions used with greater frequency translate to larger words in 
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Figure 13. A "Wordle" example created using a free online word cloud generator 
(www.wordle.net). All participant comments were recorded and compiled for each 
cultivar and descriptions used with greater frequency translate to larger words in 
the image. Comments on the cultivar ‘Jet Star* in 2012 were used in this example.
Examining Multivariate Data. Although yield is a major component in choosing a 
cultivar, there are many other factors worth considering. Each of these factors is weighted 
uniquely by a grower by personal preference and local growing conditions. The amount 
of information available may quickly become overwhelming, not for its complexity, but 
for the difficulty in extracting and comparing multivariate data from multiple sources 
simultaneously.
Radar graphs or spider plots have been shown to be an effective tool in 
disseminating multivariate data (Smith et al. 2011). On a relativized scale, the reader can 
evaluate many different response variables (e.g. Figure 14 and Figure 15). The greatest
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advantages are the visualization of complex tradeoffs inherent in this data and the 
evaluation of performance not by maximums and minimums, but by consistency. Radar 
graphs are an effective tool for finding the cultivar that was not the greatest or poorest in 
any particularly category, but performed well across a range of important categories.
In 2011, for example, ‘Big Beef performed well across several categories, and 
‘Jet Star’ was similarly “balanced” (Figure 14). In contrast, ‘Brandywine’ performed 
strongly in taste, but was comparatively one of the worst yielding cultivars. ‘Geronimo’ 
was nearly the opposite, with high yields and an overall unfavorable flavor. In 2012, 
‘Brandywine’ remained largely the same, while ‘Geronimo’ suffered (relatively) in yield 
from 2011 levels (Figure 15). ‘Arbason’ had very few side shoots, and high marketable 
yields but was slow to mature. ‘Rebelski’ had both the best marketable yield, and the 
most high quality fruit, but received low consumer preference scores -  the percentage of 
unmarketable fruit, and number of side shoots was roughly average. In this manner, radar 
plots can be used to effectively compare selected characteristics between tomato cultivars 
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Figure 14. Spider plots summarizing selected response variables for each cultivar in the 2011 growing season with legend in 
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Figure 15. Spider plots summarizing selected response variables for each cultivar in the 2012 growing season with legend 
the bottom right hand corner. All values are converted to a relative scale.
Conclusions
There were notable differences in production quantity and quality between 
indeterminate greenhouse tomato cultivars; however, some differences were not 
consistent across the two-year study. The expression of physiological disorders by some 
cultivars was unique in frequency and composition and those disorders led to greater 
yield reductions than was caused by insects or disease. Physiological disorders can be 
predicted by both cultivar and time within the growing season and understanding when 
and how these disorders affect cultivar performance may lead to improved management 
strategies.
Several tools exist to effectively convey complex information and they can be 
used to highlight important differences in tomato cultivars. Where traditional methods 
tend to highlight the best and worst performers in a trial, these tools communicate more 
information to the reader in a nuanced way, and offer the opportunity to “weight” the 
importance of variables accordingly. For example, ‘Cobra’ (2012) had a low percentage 
of unmarketable fruit and minimal expression of physiological disorders (NMDS). ‘Big 
Beef (2011) was one of the strongest performers overall in several different categories 
(radar plots). Both ‘Imperial 643’ and ‘Jet Star’ were polarizing cultivars in terms of their 
reception in sensory tests (word clouds); averaged ratings do not capture this variability, 
and despite similar overall scores, we learn more about the positive and negative opinions 
that are behind those ratings.
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CHAPTER m .  EVALUATING THE FUNCTIONAL ROLE O F DIVERSITY IN A 
BROCCOLI - LIVING MULCH AGROECOSYSTEM 
Introduction
A central objective of agroecological research is to understand the nature of 
species interactions in time and space, which can then inform responsible production 
methods. This represents a shift in thinking away from conventional agricultural 
practices, which have focused on limiting or precluding species interactions (e.g. 
weed/pest-crop competition) in the interest of protecting crop yields. Conventional 
systems rely heavily on synthetic fertilizers, herbicides and pesticides to improve crop 
yields and maintain low levels of species diversity. Unfortunately, some of these 
agrochemicals can be detrimental to human health and the environment (Pimentel et al. 
2005), and reducing biodiversity has been shown to interfere with internal agroecosystem 
regulation, diminishing its ability to provide ecosystem services (Altieri 1999).
The mechanistic role of diversity in agroecosystems is not clearly understood. By 
manipulating species richness, temperate grassland studies have demonstrated generally 
positive effects from increased diversity (Tilman et al. 1996) and it has also been shown 
biodiversity can lead to improved soil fertility in a long term agroecosystem experiment 
(Mader et al. 2002). However, the effects of cover cop species diversity are rarely 
empirically evaluated independent of other treatment factors, and as a result, its effects on 
agroecosystem function are inadequately understood (Smith et al. 2008). Species 
diversity is thought to be causally related to ecosystem function and stability, and species 
interactions that arise because of changing plant species diversity may have particular 
relevance to improving a managed system's ability to provision ecosystem services
(Tilman et al. 1996, Isbell et al. 2011). Increasing plant diversity generally has been 
shown to lead to increases in productivity; however, this can sometimes be accompanied 
by shifts in species abundance, which may conflict with socioeconomic interests if a 
desirable species such as the cash crop is suppressed.
Species diversity can be increased in agroecological systems through 
intercropping; the simultaneous planting and agronomic interaction of two or more crop 
species in the same space (Vandermeer 1989) which may include cash crops, cover crops, 
or a mixture of the two. A potential limitation of intercropping is the possibility of yield 
reduction due to interspecific competition. In a recent meta-analysis of intercropping 
systems, benefits from increasing crop plant diversity included enhanced herbivore 
suppression, increases in natural enemy populations, and reduction in crop damage. 
Effects of intercropping on crop yields were mixed, and ranged from negative (i.e. 
reduced crop yields) to positive, depending on the particular type of system used 
(Letoumeau et al. 2011). Agricultural diversification for purposes other than herbivore 
suppression can also potentially increase yields (Fukai and Trenbath 1993) or decrease 
yields (Brainard and Bellinder 2004, Bukovinszky 2004) suggesting that at a broad level, 
the overall effect of cropping system diversification is inconsistent (Poveda et al. 2008). 
The variation in yield effects among different intercropping systems is not entirely 
understood, but may be related to the species of intercrops utilized and to the production 
goals of the particular system. Therefore, the evaluation of specific intercropping systems 
in local or regional environments is needed in order to make informed decisions 
regarding diversification.
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Living mulch systems are a form of intercropping that involves growing a cover 
crop or cover crop mixture in-between cash crop rows. It is well documented that cover 
crops provide many beneficial ecosystem services in agricultural production systems 
(Snapp et al. 2005), and intercropping using living mulch provides the opportunity to 
enhance these benefits beyond off-season cover cropping. Cover crops improve soil 
stability, increase soil organic matter, enhance soil cation exchange capacity, and 
improve infiltration rates (Dabney et al. 2001). There are additional potential biological 
benefits as well, for example living mulch broccoli systems were observed to have lower 
herbivore damage compared to broccoli without living mulch (Kloen and Altieri 1990, 
Costello 1994). Intercropping may also be a useful strategy for weed management, 
particularly in organic systems, where weed control continues to be one of the greatest 
constraints to productivity (Bilalis et al. 2010).
Annual green heading broccoli (Brassica oleracea L. Italica Group) was selected 
as a model for this study in part because it is a common row crop suitable to being grown 
within a living mulch system. Because broccoli is a cool season crop, it can be difficult to 
establish spring-sown cover crops before it is planted in the spring or plant cover crops 
after broccoli is harvested in the fall. Therefore, growing cover crops as a living mulch 
concurrently with broccoli may be an opportunity to expand the use of cover crops in 
broccoli systems. Broccoli is an important fresh market vegetable in New England and 
the US, with national annual production valued at an estimated $742.6 million in 2011 
(USDA 2012). Furthermore, it was selected as a model crop because its yield and head 
quality are responsive to nutrient deficiencies (Bowen et al. 1999, Everaarts and De 
Willigen 1999, Vagen et al. 2004), suggesting marketable yields would be a good
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indicator of potential plant competition stress that can occur with increased interspecific 
diversification.
Our main objective was to assess the performance of broccoli grown with and 
without living mulch under several levels of fertility. The fertility treatment was aimed at 
assessing nutrient competition and whether nutrient availability could be optimized to 
maintain ecosystem benefits of the living mulch system while preserving broccoli yields. 
If competition for water or nutrients, or both, were too severe, the trade-off in terms of 
crop yield would likely reduce the overall value of the living mulch system from the 
grower’s perspective.
By exploring plant interactions in managed agroecosystem we not only have the 
opportunity to better understand the processes that mediate ecosystem stability and 
productivity more generally, but also to apply that understanding to develop better 
agricultural management practices. Here, we report results from a two-year study 
exploring the effects of a living mulch system during the establishment year in an 
organically managed broccoli production setting. The overall objective of the study was 
to describe the effect of living mulch on broccoli production and to determine how that 
relationship is influenced by fertilizer application rates. Inter-row spaces were managed 
either with cover crops (living mulch) or as weeded bare soil, and a gradient of fertility 
was applied to the broccoli crop to determine the relationship between the experimental 
treatments and crop productivity and quality, competition intensity, nitrogen efficiency, 
and weed suppression.
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Materials and Methods 
Background
Site Description. This study was conducted at the University of New Hampshire 
Woodman Horticultural Research Farm, in Durham, New Hampshire in 2011 and 2012. 
The experiment was conducted twice in two separate fields to avoid additive effects of 
living mulch and broccoli-specific pathogens. In 2011,0.045 hectares was used in a field 
that had been cropped in sweet potatoes and a mixture of vegetables in the years prior. 
Before the study was conducted, the field had most recently been under a cover crop of 
buckwheat (Fagopyrum esculentum). The following year, in 2012, an adjacent 0.046 
hectare field was used that had most recently been planted with a cover crop of winter rye 
(Secale cereale). The field had been used to produce squash and zucchini the prior year 
and had been used for various vegetable crops before that. The soils in both fields were a 
Charlton fine sandy loam (NRCS 2013).
Experimental Design. The experiment was a randomized split-plot design with 
four replications. The main plot factor was inter-row management and consisted of either 
living mulch (LM) or bare soil (BS). Fertility was the subplot factor and included four 
(2011) and five (2012) levels. In 2011, subplots were 6.4 m of bed row, and in 2012, 
subplots were 4.9 m. Each subplot was separated by 1.5 m of space along the row, and 
was also buffered by two broccoli plants on either side of the treatment that were 
excluded from sampling.
The fields were prepared by rototilling, and raised beds were formed using 36” 
white on black plastic mulch with offset drip irrigation (8 mm T-Tape, John Deere). 
Unlike black plastic mulch, white plastic has been shown to have a negligible effect on
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root zone temperatures (Diaz-Perez 2009) which was desirable given that broccoli is a 
cool season crop. Although not certified organic, organic pesticides and fertilizers were 
used for the in-field portion of the study. The field was irrigated as needed according to 
best management practices (Howell 2012). Cabbage loopers (Trichoplusia ni) caused 
minor damage to broccoli plants in both years and were treated with applications of 
Bacillus thuringiensis (Bt) (DiPel, Valent Corporation).
Living mulch treatments were established in inter-row spaces between plastic 
covered beds with a 1:1 mixture of ryegrass (Lolium multiflorum) and white clover 
(Trifolium repens, c.v. ‘New Zealand’). The combined mixture was planted at 18.1 kg 
ha'1 in 2011, and 9 kg ha'1 in 2012. Living mulch treatments were planted the day 
following broccoli transplant, and maintained during the growing season by mowing, 
approximately once every 3-4 weeks. Bare soil treatments were hand weeded on an as 
needed basis throughout the growing season.
Annual soil tests including data on existing levels of organic matter in each field 
were used to generate fertility treatments that included a gradient above and below the 
recommended amount of nitrogen for broccoli production (Table 21). In 2011, four 
fertility treatments were derived using a recommended target rate of 106.5 kg N ha '1. To 
explore a possible interaction between fertility and living mulch, and to attempt to 
saturate the demand for nitrogen, additional higher fertility rates were added in 2012. In 
situ field organic matter was estimated to contribute 22 kg N ha'1 in 2011 and 62 kg N 
ha'1 in 2012.
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Table 21. Nutrient applications to broccoli plants to achieve desired Nitrogen levels. 
Target fertility includes applied fertility plus estimated nitrogen credits from  
existing soil organic matter.
2011 2012



















a kg N ha" equivalent
In 2011, fertility was applied using a combination of banded de-hulled soybean 
meal (NPK 6:1:1, Blue Seal, Muscatine IA) before bed formation, and the application of 
granular PRO-GRO (NPK 5:3:4, North Country Organics, Bradford VT) by hand at the 
root zone of each plant. In 2012, applications occurred only at the individual broccoli 
plant root zone using PRO-GRO. Fertility was applied at the time of planting and was 
side dressed at 3 weeks after transplant in 2011, and 4 weeks after transplant in 2012.
The broccoli cultivar ‘Bay Meadows’ (Johnny’s Selected Seeds, Unity ME) was 
selected for its heat tolerance and uniform head production. Broccoli was seeded on June 
13,2011 and May 11,2012. Plants were directly seeded to 72-cell propagation trays in 
UNH’s MacFarlane greenhouses, and brought to the fields in advance of transplanting to 
harden off. Broccoli was transplanted on July 6,2011 and June 7,2012, in single rows 
with 30.5 cm spacing between plants and 1.5 m between rows (21,836 plants ha'1 
equivalent).
Data Collection
Weather Data and Growing Degree Days. Weather data were obtained from 
UNH’s weather station in Durham, NH. Temperature data were used to calculate growing
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degree days (GDD) over the two seasons. GDD can be used to measure the potential for 
daily growth by assessing the difference between the average temperature and the 
biologically limiting minimum temperature for the crop. The base temperature of 7.2 °C 
was selected because it demonstrated the least amount of variability when used to predict 
broccoli maturity rates (Dufault 1997). Over the two seasons, the two maximum daily 
GDD were 26.7 and 28.9, observed in 2012. These values approached biologically 
limiting temperatures (ceiling temperature) but all other daily GDD values fell below 
both of two maximum ceiling temperature proposed by Dufault (1997) of 26.7 and 29.4 
°C, and therefore ceiling limitations were not calculated for this study. Season totals were 
obtained by totaling the daily values, which were calculated using the following formula: 
GDD = (Average Daily Temp) - (Base Temp 7.2 °C)
Broccoli Yield. When mature, broccoli were harvested by hand, stems were trimmed to 
2.5 cm below the bottom branch of the head, and fresh weight was recorded for each 
individual plant. A total of 15 broccoli plants per plot were eligible for sampling in 2011, 
and 12 plants in 2012. Marketable maturity was evaluated using a modified grading table 
(Theriault et al. 2009) which had previously been adapted from Sorenson and Grevsen 
(1994). Heads that exceeded the optimal marketable maturity or failed to mature were 
excluded from analysis and any heads that exhibited defects severe enough to prevent 
marketability were excluded. Hollow stem is a common physiological disorder 
characterized by a gap that develops in the center of the stem that may become discolored 
(Tremblay 1989). The presence and severity of hollow stem, recorded as absent, less than 
0.6, or greater than 0.6 cm, was later aggregated to either presence or absence because of 
low overall frequency.
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Leaf Chlorophyll Content. Leaf tissue chlorophyll concentration can be used to 
assess nitrogen status in many plants including broccoli. (Alcantar et al. 2002). We used a 
handheld color meter to determine leaf chlorophyll content of broccoli in each treatment 
(Konica Minolta: SPAD 502 Plus). SPAD values are presented for the purpose of 
comparing treatments; however, without corresponding tissue analysis (which was not 
performed in this study), cannot be used as an absolute proxy for nitrogen content. 
Additionally, because of the variability in the relationship between leaf chlorophyll 
content and the precise tissue nitrogen concentration, the chlorophyll values are only 
compared between treatments within a single sample period. On August 26,2011, two 
readings were taken on the newest mature leaf from five individual plants. On July 12, 
and August 17,2012, six readings were taken on the fifth newest leaf of four individual 
plants in each sub-plot.
Soil Moisture. Soil moisture was measured repeatedly throughout the two 
growing seasons with a handheld probe (FieldScout TDR 300, Spectrum ® Technologies, 
Inc.) and reported as percent volumetric water content (% VWC). Values are reported for 
inter-rows, and within bed rows (underneath plastic). Measurements taken in bed rows 
were either alongside the offset drip tape, or on the opposite side of the raised bed.
Phvtometer Response. A phytometer was used to determine if the living mulch 
affected soil quality in ways that would carry-over to the performance of a subsequent 
crop. After the 2011 broccoli harvest, the field was moldboard plowed and winter rye 
(Secale cereal) was planted at 112 kg ha'1. In the following spring (May 17,2012), above 
ground winter rye biomass was harvested from three 50 cm2 quadrats placed in a location
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corresponding to the previous main plot factor. Winter rye biomass was dried and then 
weighed. Winter rye from the 2012 study will be sampled in the spring of 2013.
Weed Suppression. Weed management and limiting contributions to the weed 
seed bank are important challenges facing growers, often necessitating the use of 
agrochemicals or mechanical cultivation. To assess the effects of living mulch on weed 
populations and community structure, and the possibility that living mulches may offset 
the need for traditional weed management approaches, weedy subplots were established 
and evaluated within the larger experiment. The weed community response to both inter­
row management (LM or BS) and the physical management (mowing or weeding) of 
those treatments was assessed in 2012. Weed communities were sampled in four 
treatments: living mulch without mowing, living mulch with mowing, bare soil without 
weeding (fallow), and bare soil with weeding. The weed community in each experimental 
block was sampled within two 50 cm2 quadrats. Treatments were established alongside 
the recommended fertility rate of 106 kg N ha'1 to avoid any influence of different 
fertilizer treatments. Biomass was sorted to a species, oven dried, and weighed.
Data Analysis
Nitrogen Efficiency. Two measures of nitrogen efficiency were used to assess the 
effects of the living mulch and fertilizer treatments on broccoli yield. Growth efficiency 
above control treatments (where control treatments had no applied fertility) was 
calculated for each fertility level within an inter-row management factor using the 
following equation adapted from Teasdale (2008):
(Total Yield kg  ha 1Fertility i Total Yield kg ha~1l0  kg N ha  1 appliedEf fidencyFertility i — Total N Applied kg  N ha~rFertility i
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Additionally, efficiency was also measured as a simple product of the total 
amount of nitrogen available for crop growth, using the following formula:
. T o t a l Y i e l d  b a t e ' 1 Fertility iE f f ^ n c y r„ a l ln l  =  T o t a i N k g ^ _ ^ — .
Relative Neighbor Effect (RNE). The relative neighbor effect (RNE) is an index 
of the direction and intensity of plant competition (Markham and Chan way 1996). This 
index measured plant competition relative to the greater yielding mixture or monoculture, 
and resulted in values between -1 (facilitation by neighbors) and 1 (competition from 
neighbors), with 0 indicating no effect on yield by mixtures. RNE was used in this study 
to illustrate the direction and severity of interactions between broccoli and living mulch. 
To determine if fertilizer treatments mitigated competitive effects, RNE was calculated 
for the total broccoli yield of living mulch treatments by comparing the marketable 
broccoli yield of in each fertility level to its corresponding yield in bare soil monoculture.
. . .  ( Y i e ld  m onoculture Y ie ld m ix tu re )
Living Mulch RNEFertillty t = --------------------------- Yield* -----------------------
Where x is either the yield of the monoculture or the mixture, whichever was greater.
All analyses were conducted separately by growing season using a model 
appropriate for a split-plot experimental design. Nitrogen efficiency data were log 
transformed prior to analysis to meet assumptions of homoscedasticity and normal 
distribution. Yield, N efficiency, and SPAD data were analyzed with analysis of variance 
(ANOVA) using a standard least squares regression model with blocking, inter-row 
management, and fertility as main effects. Also included were the interactions between 
blocking and inter-row management (considered random), and inter-row management 
and fertility. If significant effects were found (p<0.05), Tukey’s Honestly Significant
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Difference (Tukey’s HSD) test was used for mean comparisons (p<0.05). In cases where 
treatments within only one inter-row management system were evaluated, a one-way 
ANOVA and Tukey’s HSD were used with a blocking factor (for example, RNE was 
only calculated for living mulch). For hollow stem count data, a generalized linear model 
(GLM) using a Poisson distribution was fit with main effects of blocking, inter-row 
management and fertility.
Phytometer, weed community, and total weed biomass data were log transformed 
to meet the assumptions of normality and homoscedasticity. ANOVA was used with 
phytometer and total weed biomass data, and a non-parametric multivariate analysis of 
variance (perMANOVA) (Anderson 2001) was used to test overall differences in weed 
community composition. PerMANOVA tests were run with 4999 randomizations and 
with pairwise treatment comparisons, using PC-ORD v. 6.09 (McCune and Mefford 
2011). ANOVA was conducted with Jmp®Pro version 10.0.0, (SAS Institute Inc., Cary, 
NC, 1989-2013). All data are presented as untransformed values.
Results
Environmental Conditions
Growing Degree Days. The total growing degree days (GDD) from transplant to 
final harvest was 1029, over 76 days in 2011, and 1523, over 64 days in 2012. 
Cumulative precipitation between the dates of broccoli transplant to the final harvest was 
greater in 2011, totaling 21 cm compared to 12.2 cm in 2012.
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Yield
Mean Fresh Head Weight. Marketable fresh head weight was not affected by 
inter-row management in 2011 (p = 0.1217); however, living mulch mean yields were 
44% lower than bare soil treatments, averaged across all fertility levels (Figure 16). In 
2012, when overall yields were lower, living mulch reduced mean head weight by an 
average of 46% (p = 0.0002). Fertility level was positively correlated with mean head 
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Figure 16. Effects of treatment factors on mean broccoli fresh head weight. A) Box 
and whisker plots showing the effect of inter-row management on yields for 2011 
and 2012: horizontal lines within boxes indicate the median (n=4). B) Relationship 
between total fertility and mean head weight for each growing season. Within a 
year, treatments not sharing a letter are significantly different (p<0.05), (Tukey’s 
HSD). Data are means ± standard error (n=4). BS, bare soil; LM, living mulch.
Total Marketable Yield. The total marketable yield (kg ha"1) of broccoli accounted
for both marketable head weight and yield loss through mortality or physiological
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disorders. In 2011, total yields from living mulch treatments were not significantly 
different from yields in bare soil treatments (p = 0.0562); however, living mulch 
treatment yields were generally lower (Figure 17). There was a significant effect of 
fertility on total yield (p = 0.0283), and fertility interacted with inter-row management (p 
= 0.0160); with yields converging at higher fertility levels in both the living mulch and 
bare soil treatments. The effect of fertility on total yield was not linear; the highest total 
yields were observed below the maximum fertility level. Total broccoli yield in bare soil 
plots was higher than living mulch treatments in 2012 (p = 0.0055). The effect of fertility 
on yields was significant in 2012 (p = 0.0001) and there was no fertility by inter-row 
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Figure 17. Treatment effects on total marketable yield. A) There was a significant 
interaction in 2011 between fertility and inter-row management (p=0.016). B) In
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2012, living mulch reduced total yield, and yields increased with increasing fertility. 
Within a year, treatments not sharing a letter are significantly different (p<0.05), 
(Tukey’s HSD). Data are means ± standard error (n=4). BS, bare soil; LM, living 
mulch.
Yield Variability. Inter-row management did not influence within-plot head 
weight yield variability (coefficient of variation, CV) in either year (p > 0.05). Head 
weight yield variability was affected by fertility in both years, (2011: p = 0.0468; 2012: p 
= 0.0041) (Figure 18). In 2011, only the 22 and 49 kg N ha'1 fertility levels differed, with 
the lowest variability occurring in the 49 kg N ha'1 treatment. In 2012, the lowest 
variability was observed at the 164 and 212 kg N ha'1 fertility levels, with the 62 and 263 
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Figure 18. The effect of fertility on the coefficient of variation (C V) of mean head 
weight within experimental subplots in A) 2011 and B) 2012. Fertility was a 
significant factor in both years, 2011 (p = 0.0468), 2012 (p = 0.0041). Within a year, 
treatments not sharing a letter are significantly different (p<0.05), (Tukey’s HSD). 
Data are means ± standard error (n=4).
Nitrogen Efficiency
There were no fertility or inter-row treatment effects on the efficiency of fertilizer 
applications above baseline levels in either growing season (i.e. relative to controls with 
no fertility added). In other words, the rate of yield increase above controls per unit of 
nitrogen applied to the field, was not significantly different between the two systems, and 
did not depend on the amount of fertility applied.
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We also examined a more direct measure of nitrogen efficiency, total yield (kg 
ha'1) divided by the total amount of nitrogen (kg ha'1) (Figure 19). In 2011, there was a 
significant interaction between inter-row management and fertility (p = 0.0141), with N 
efficiency being higher at lower fertility levels. In 2012, living mulch was less efficient 
than bare soil treatments (p = 0.0061) and fertility was an important driver of efficiency 





















p =  0.0055
22 49 106 164
Total Fertility (kg N h a 1)
xyz
Inter-row Management
62 106 164 212 263 
Total Fertility (kg N h a 1)
Figure 19. Nitrogen efficiency in (A) 2011 and (B) 2012. In 2011, there was a 
significant interaction between inter-row management and fertility (p = 0.0141). In 
2012, N efficiency was higher in bare soil plots (p = 0.0061) and decreased with 
increased fertility (fertility p = 0.0003). Within a year, treatments not sharing a 
letter are significantly different (p<0.05), (Tukey’s HSD). Data are means ± 
standard error (n=4). BS, bare soil; LM, living mulch.
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Competition
Relative Neighbor Effect (RNE). Fertility had a significant effect on RNE in 2011 
(p = 0.0165) and competition between living mulch and broccoli was evident in all RNE 
values except for 164 kg N ha'1. In general, increasing fertility reduced competitive 
effects and facilitation was observed at the highest fertility level (Figure 20). In 2012, 
there were no significant differences in competitive effects by fertility (p = 0.0515) 
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Figure 20. Fertility affected competition (RNE) within living mulch treatments in 
2011 (p = 0.0165) but was not significant in 2012 (p = 0.0515). Horizontal lines 
within boxes indicate the median. Positive values indicate competition, negative, 
facilitation. Treatments not sharing a letter are significantly different (p<0.05),
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(Tukey’s HSD). Data are means ± standard error (n=4) for living mulch treatments 
only.
Additional Results
Leaf Chlorophyll Content. In 2011, there were no differences in leaf chlorophyll 
content between inter-row management or fertility treatments at the time of sampling (51 
days after transplant (DAT), (p = 0.0926 and 0.1824, respectively). Similarly, in 2012, 
there were no inter-row management differences at 35 DAT; however, there were 
significant differences between fertility levels (p = 0.0071). At 71 DAT, just following 
the final harvest, chlorophyll content in the living mulch treatments was lower than bare 
soil (p = 0.0011). As was seen at the earlier date, fertility had a significant impact on 
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Figure 21. Treatment effects on SPAD meter values representing relative leaf 
chlorophyll concentration for two sample dates in 2012, (A = July, B = August). Box 
and whisker plots illustrate diverging inter-row management effects during the 
season, July p = 0.6679, August p = 0.0011, horizontal lines indicate the median. At 
both sample dates, fertility was a significant driver of SPAD readings, July p = 
0.0071, August p = 0.0132. Within a year, treatments not sharing a letter are
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significantly different (p<0.05), (Tukey’s HSD). Data are means ± standard error 
(n=4). BS, bare soil; LM, living mulch.
Broccoli Maturation. The time until harvestable maturity, measured in DAT, was 
only affected by fertility (Figure 22). In 2011, broccoli in the lowest fertility level, 22 kg 
N ha'1, took longer to mature than the other treatments (68.3 ± 0.69 DAT). Overall, 
maturity rates in 2012 were earlier and uniform; however, similar to 2011 broccoli in the 
lowest fertility was slow to mature (58.6 ±0.51 DAT, not significantly different than 164 
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Figure 22. The effect of fertility on time until broccoli harvestable maturity 
measured in days after transplant to the field in A) 2011 and B) 2012, horizontal 
lines indicate the median. Within a year, treatments not sharing a letter are 
significantly different (p<0.05), (Tukey’s HSD). Data are means ± standard error 
(n=4)
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Hollow Stem. Higher frequencies of hollow stem were observed in bare soil plots 
in 2011 (mean frequency in BS 0.35 ± 0.12, p = 0.027). Very little hollow stem was 
observed in 2012 (less than 2.5% in bare soil plots and none in living mulch) and there 
were no differences between treatments.
Soil moisture. Soil moisture was measured at several time points during the two 
growing seasons, including a time point surrounding irrigation in 2012. For inter-row 
space, soil moisture in living mulch was either equivalent or greater than bare soil 
treatments (Table 22). There was no evidence of treatment effects on soil moisture 
underneath plastic at any sample date.




(+/- %VWC) S.E. p - value
7/29/11 Inter-row LM + 0.56 1.1 0.7243
9/1/11 Inter-row LM + 2.76 038 <0.0001
6/18/12 Inter-row LM + 3.48 0.706 0.09
7/12/12 Inter-row BS + 0.7 0.85 0.6292
8/9/12 Inter-rowa LM + 438 034 0.0029
8/9/12 Under Plasticab LM + 0.34 0.24 0.4001
8/9/12 Inter-rowc LM + 3.54 0.9 0.0685
8/9/12 Under Plastic1* LM + 0.51 0.37 0.4023
8/9/12 Under Plastic"1 BS + 1.29 0.85 0.362
8/10/12 Inter-rowe LM + 4.04 0.62 0.0191
8/10/12 Under Plastic1* LM + 0.39 0.43 0.5657
8/10/12 Under Plastic*1® BS + 0.52 0.61 0.5911
8/20/12 Under Plasticb LM +1.72 0.52 0.1017
8/20/12 Inter-row LM + 121 0.6 0.0035
a Before irrigation 
b Bed row, opposite drip tape 
c One hour after irrigation 
d Bed row, near drip tape 
e One day following irrigation
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Weed Community. Weed community composition did not respond to inter-row 
management (LM or BS) or the physical management of those treatments (mowing or 
hand weeding) (perMANOVA p = 0.1106). The community was dominated by two 
species of crabgrass, Digitaria sanguinalis and Digitaria ischaemum, which were 
ubiquitous both in and around the field. Portulaca oleracea and Capsella bursa-pastoris 
were common but much less abundant. Shannon’s Diversity Index was not different 
between the four treatments (mean H = 1.067, n=16); however, richness and evenness did 
respond to treatment differences. Weed species richness was lower in unmowed living 
mulch (4.75 ± .25) than in unweeded fallow treatments (9.5 ± 1). Evenness responded 
similarly; unmowed treatments were more even (0.69 ± 0.028) than unweeded fallow 
treatments (0.45 ± 0.045).
Living mulch did have an impact on the total weed biomass present. Mowed 
living mulch treatments had lower weed biomass (22 ± 7.3 g m2"1 dry weight) than 
unweeded fallow treatments (100 ± 9.3 g m2'1 dry weight). For comparison, the unmowed 
living mulch treatment had a total standing biomass of ryegrass and white clover of 58 ± 
13.8 g m2'1 dry weight. The ratio of ryegrass to clover biomass was 1:0.14 in mowed 
treatments, and 1:0.20 in the unmowed treatments.
Phvtometer. The biomass of the winter rye phytometer planted after the 
experiment in 2011 was not significantly affected by the previous inter-row management 
treatment (p = 0.0626, means: LM 269.8 ± 44, BS 184.6 ± 61.8 g m2'1 dry weight). At the 
time of sampling, soil moisture was higher in plots that had previously been planted with 
living mulch (p = 0.0047, LM + 1% VWC ± 0.0895 over BS).
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Discussion
Overall broccoli yields in 2012 were lower than 2011, and yield gains with 
increasing fertility were moderated. The 2012 planting date was earlier than 2011, and is 
one possible source for these differences. Broccoli matured faster in 2012 but this is not 
necessarily unusual; delayed maturity in later planting dates has been previously 
observed (Sorenson and Grevsen 1994). Photoperiod and temperature are two 
corresponding variables dependent on planting date that potentially influence the 
physiological development of broccoli. Photoperiod has not been shown to have an 
important influence on broccoli maturity, and instead, temperature is the primary 
determinant of developmental stages; increasing temperatures hasten floral initiation as 
well as harvest maturity (Tan et al. 2000). Total GDD days were greater in 2012 and 
they were achieved over a shorter growing season. On a daily basis, the average 
contribution to total GDD was 13.5 in 2011, and 23.8in  2012. Accordingly, earlier 
overall maturity was observed in 2012 under all treatment conditions, although 
marketable quality should not have been adversely affected. Peak temperatures, although 
warmer in 2012, were below, and less consistent than, the temperatures shown to 
dramatically interfere with floral development (Bjorkman and Pearson 1998). The overall 
relationship between maturity rate (days to harvest) and yield remains unclear. Vagen et 
al. (2007) conducted a broccoli cultivar trial and found significantly lower yields in an 
earlier maturing cultivar, but causation of yield loss was not certain. In studies to date, the 
inability to explicitly test maturity rates or temperature as independent factors confounds 
any implied relationship to yield.
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The two fields used in this study differed in their initial soil organic matter 
content, and subsequently the estimated contribution to preexisting soil nitrogen. Soil 
organic matter was higher in the field where the 2012 study was conducted, which does 
not support the observed trend in yield. Measures were taken to compensate for these 
differences through altering applied fertility levels. There is no evidence to suggest that 
these estimations were incorrect, and the same relationships between yield and fertility 
treatments are observed when applied fertility levels are evaluated instead of target 
fertility levels. Additionally, the highest levels of the 2012 fertility treatments more than 
make up for any potential gap between estimated and actual preexisting soil N, and these 
higher fertility levels are still are not on par with 2011 yields.
Although supplemental irrigation should have compensated for the differences in 
precipitation between years, soil moisture may play some role in the conditions that led to 
overall yield loss and greater competition between the living mulch and broccoli in 2012. 
In particular, competition for soil moisture between broccoli and living mulch may have 
contributed to the variability observed between inter-row management effects over the 
two seasons. With limited rainfall, another living mulch, winter rye, has been shown to 
reduce cash crop yields partially from competition for soil moisture (Robinson and 
Dunham 1954, Ateh and Doll 1996, Brainard and Bellinder 2004). Precipitation was 42% 
lower in 2012, and despite irrigation practices, it is possible that competition for soil 
moisture limited crop yields in the living mulch treatments. Surface soil moisture 
measurements did not indicate any treatment differences near broccoli root zones; 
however, interactions below 12 cm would not have been captured, and moisture was not 
continuously monitored throughout the growing season.
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In 2012, competition between living mulch and broccoli was evident, while in 
2011 the relationship was dependent on fertility levels. Increased fertility reduced 
competition intensity in living mulch treatments as measured by the RNE in 2011, and 
although insignificant, there was a negative trend in competition with increasing fertility 
in 2012. Fertility appeared to be the dominant influence on competitive effects between 
living mulch and broccoli, and therefore played a role in determining the magnitude of 
the yield disparity between living mulch and bare soil.
In 2011, there was no overall difference in mean head weight between inter-row 
management treatments largely because of yields converging in the two higher fertility 
treatments. In contrast, at lower fertility levels, bare soil treatments had greater yields, 
consistent with 2012 patterns. The interaction seen in 2011 total yield was supported, in 
part, by greater numbers of plants reaching marketable maturity in living mulch 
treatments (both quality and mortality were important factors). There was a significant 
interaction between inter-row management and fertility for the number of marketable 
plants produced (p=0.0456); the fewest plants recovered occurred in the BS 164 kg N ha'1 
treatment, although, this was not significantly different than any of the living mulch 
treatments. In the instances when yields were roughly equivalent in 2011 between living 
mulch and bare soil treatments, both reduced competition through increased fertility and 
improved head quality and increased survival of broccoli plants are likely plausible 
explanations.
Our study suggests that competition for nutrients can be problematic in this type 
of system, as best demonstrated by the 2012 yields. The amount of nitrogen needed to 
satisfy broccoli growth is highly dependent on soil properties, and can vary greatly; best
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yields are achieved only when adequate fertilization rates are supplied during the proper 
stages of development (Vagen et al. 2007). Increasing fertility significantly increases 
marketable yield, mean head weight, and leaf nitrogen content (Schellenberg et al. 2009), 
while the timing of availability can also be important. Nitrogen demands of broccoli in 
the first two weeks after transplanting are relatively modest, and after 4 weeks, tissue N 
accumulation increases greatly (Bowen et al. 1999). The greatest broccoli N demands 
therefore coincide with living mulch maturity, and the majority of nitrogen application 
occurred at the time of transplant, with only a small proportion applied at 3-4 weeks after 
transplanting.
Nutrient stress should lead to physiological changes that are apparent in leaf 
chlorophyll concentrations. Bowen et al. (1999) found that under nitrogen stress, broccoli 
translocated nitrogen from leaves to support inflorescence. Furthermore, low nitrogen 
availability has been shown to have a greater impact on marketable yields than on total 
biomass produced. Under nitrogen stress, broccoli can maintain modest vegetative 
growth by reducing tissue nitrogen concentrations, while the plant cannot adequately 
compensate for head development, further reducing tissue nitrogen concentrations and 
negatively affecting yields (Vagen et al. 2007). In 2012, the observed changes in leaf 
chlorophyll concentrations support an argument for nutrient stress in living mulch 
treatments. SPAD meter readings in this study occurring before inflorescence showed no 
evidence for nutrient stress, while samples taken immediately post-harvest showed 
reduced leaf chlorophyll content in living mulch treatments. At the same time, leaf 
chlorophyll concentrations corresponded to increased fertility.
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Fertility levels of 120 or 240 kg N ha'1 exceed minimum estimated nitrogen needs 
of broccoli, and should not limit yields (Vagen et al. 2004). Despite adequate fertility, we 
observed both an environmental impact on yield (between years), and a living mulch 
effect. This negative effect of living mulches on broccoli yields has been observed in 
previous studies (Chase and Mbuya 2008). Results from our study suggest that despite a 
physical separation between cash crop and living mulch with raised beds and plastic 
mulch, it appears that nutrient competition remains a problem in these systems.
Successful intercropping necessitates access to and efficient use of resources by 
crops, which is often best achieved through temporal separation of species maturity 
(Fukai and Trenbath 1993, Santos et al. 2002). When under stress from competitive 
conditions, intercropped species can be especially influenced by environmental 
conditions (Fukai and Trenbath 1993). Here we observed that competition between living 
mulch and broccoli was reduced by fertility in 2011, but readily apparent under greater 
environmental stress (likely temperature) in 2012, despite irrigation and even greater 
levels of fertility.
Future research may consider evaluating planting date as a method for reducing 
competition. Delayed planting of a living mulch (mustard sp.) by one week resulted in no 
significant effect on broccoli yield (Kloen and Altieri 1990). Additionally, using a higher 
proportion of legumes in the living mulch may eliminate antagonistic effects of living 
mulch on broccoli yields (Costello 1994).
Living mulch did not delay crop maturity, nor did it influence variability in 
marketable head weight in this study. Living mulch also demonstrated weed suppressive 
abilities, as was seen in a previous broccoli experiment (Chase and Mbuya 2008). In
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2011, living mulch reduced the prevalence of hollow stem, compared to bare soil 
treatments. It is likely that a reduction in nutrient availability, despite no reduction in 
yield, was the primary driver of the reduced hollow stem. Hollow stem has been shown to 
increase proportionally with fertility (Belec et al. 2001), and there is a stronger 
relationship between hollow stem and nitrogen availability than with marketable yield 
(Tremblay 1989). Ultimately, a variety of factors such as environment, year, and cultivar 
are all likely responsible (Shattuck et al. 1986). Finally, soil amendments from living 
mulch treatments remain a potential benefit of these systems. Although not statistically 
significant, the winter rye phytometer suggests that contributions to the soil from living 
mulch may have the ability to positively impact subsequent crop yields after just one 
growing season.
Although there was clear evidence for plant competition, some growers may still 
find some level of yield loss manageable when considering inherent ecosystem benefits 
associated with living mulch systems. In 2011, yields at the recommended fertility rate of 
106 kg N ha'1 and 164 kg N ha'1 were 88% of those in bare soil treatments. Thus, a 
grower could increase bed row footage by 12% to achieve the bare soil yield equivalent. 
At the highest fertility level, output in living mulch treatments exceeded bare soil by 
11%. In 2012, however, yield loss was more severe, 65% and 41% at 106 and 164 kg N 
ha'1 respectively. Therefore, yield effects will require careful consideration along with the 
known benefits of species diversification.
In organic production systems or whenever tillage is otherwise required to 
manage weeds, maintaining living mulch brings weed suppression benefits and reduces 
the need for additional tillage throughout the growing season. Avoiding tillage leads to
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improved physical properties of the soil (Franzluebbers et al. 1999), likely contributing to 
improvements in longer-term plant productivity. Improved physical soil properties 
coupled with organic inputs from the living mulch itself may, over time, reduce the 
competitive effects seen between living mulches and cash crops.
It has been hypothesized recently that increasing the diversity of resource pools 
available to weed and crop species, reduces the competition intensity between crops and 
weeds due to increased opportunities for resource partitioning and niche differentiation 
(Smith et al. 2010). It is likely that time, along with resource inputs and physical 
management, will play an important role in the diversification of soil resource pools. 
Sustaining increased plant diversity through a living mulch system, could potentially lead 
to the stabilization of competitive effects over time as resources are continually recycled 
into the system.
If the increasing the presence and abundance of resources were to lessen 
competition, an extension of the argument would be that improving or diversifying 
avenues for resource acquisition would have a similar effect on competition between 
living mulches and cash crops. Resource acquisition is commonly facilitated through 
microbial relationships, and the establishment and maintenance of these relationships (by 
plants and microbes) generally improves community yields and yield stability, (Wang et 
al. 2012), and can lead to significant positive impacts on a host of important ecosystem 
services (Rillig 2004).
Mutualistic networks have been shown to reduce competitive effects between 
plant species, arguing for increased biodiversity in agroecosystems (Bastolla et al. 2009). 
Some species in the Brassicacea family, including broccoli, do not form mutualistic
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relationships (Vierheilig et al. 2000), in fact, incorporating these species into the soil is an 
established means of suppressing some fungal pathogens, bacteria, soil fauna, and seed 
germination (Bending and Lincoln 2000). The production of toxic compounds from the 
roots of living Brassica is not as well understood, but they are known to have high levels 
of glucosinates and may play a significant role in the suppression of soil biota, perhaps in 
advance of mechanical incorporation into the soil (Kirkegaard and Sarwar 1998). This 
interference with microbial-plant relationships may in turn discourage important 
beneficial associations among living mulch species.
The living mulch species in this study are associated with arbuscular mycorrhizal 
fungi (AMF) (ryegrass) and nitrogen-fixing bacteria (clover). In a recent study of this 
particular cover crop mixture, the presence of AMF reduced the suppressive effects of 
ryegrass on white clover, when compared to microbe-free controls. Further, higher AMF 
diversity available to the ryegrass improved biomass production of both ryegrass and 
clover, and may buffer higher overall plant productivity against variable growing 
conditions (Wagg et al. 2011). Although not evaluated here, it is possible that the 
increased association of beneficial soil microbes with living mulch could lead to reduced 
competition with neighboring cash crops such as the broccoli in this system, especially if 
broccoli is directly limiting the formation of these mutualistic relationships.
This study evaluated the establishment of a living mulch system when, 
presumably, competitive effects would be their greatest. Long-term studies on this type of 
intercropping are lacking; how competitive relationships evolve as soil parameters 
change through time would be of particular interest. The diversification of plant species 
in agroecosystems “in general” has strong positive impacts on those systems, but in the
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face of a great deal of variability the most appropriate types of diversity need to be 
described for diversification to be successful (Letoumeau et al. 2011). Competition for 
resources in agricultural systems, while apparent, is not thoroughly mechanistically 
explained and lags behind our understanding of some natural systems such prairie 
communities (Zimdahl 2004). Understanding the mechanisms driving competition (sensu 
(Tilman 1987)) and their interactions with environment will be an important step in 
understanding the observed variability in diversified agroecosystems.
Conclusions
In a broccoli-living mulch system, we observed broccoli yield loss and 
physiological changes in leaf chlorophyll content that we attribute to competition for soil 
nutrients. The results of this study suggest that the severity of the competition is 
dependent on both available fertility and environmental conditions. Competition for soil 
moisture did not appear to be a factor affecting yield. Although competitive effects were 
apparent, diversification had positive impacts as well. Living mulch reduced the 
prevalence of hollow stem in broccoli in 2011, when the disorder was problematic.
Living mulch also suppressed weeds and to some extent reduced weed species richness. 
Decisions regarding diversification with living mulch systems must weigh the 
opportunity for enhanced ecosystem services with anticipated yield losses to determine 
the appropriate application.
A significant challenge remains in understanding yield variation and competitive 
relationships in intercropping systems. Describing those relationships in terms of benefits 
and trade-offs (e.g., both economic and ecological) that extend beyond a strict evaluation 




This research has contributed to our understanding of simple, locally applicable 
agricultural methods that can be used to intensify on-farm production. Diversification, 
either at intraspecific or interspecific levels, is one of several means towards achieving 
greater food security. Increasing intraspecific diversity in high tunnel tomatoes, within a 
growing season, or between years, will give growers access to a host of desirable 
phenotypic traits. Those different characteristics can be used to appeal to consumer 
preferences, manage disease pressure, and increase yields. Increasing interspecific 
diversity in broccoli row crop production systems with living mulch is an opportunity for 
enhanced ecosystem services, but it will likely have a negative impact on marketable 
yields in the first year of establishment.
We found that there are many differences between the tomato cultivars grown in 
this study, across a range of attributes. When there were differences between cultivars in 
desirable traits, often, there were multiple cultivars that performed well, suggesting that 
several may be appropriate to grow on a given farm. Additionally, by understanding the 
sources of yield loss of those cultivars, including physiological disorders, disease, and 
insect damage, we have the opportunity to manage these losses more effectively in the 
future.
In the broccoli living mulch experiment we found variable amounts of plant 
competition, depending, in part, on the fertility level applied and the particular growing 
season. Many questions remain regarding the mechanisms of competition and long-term 
yield relationships of these systems. It is apparent that some ecological benefits can be
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realized even in the first growing season, such as improved soil inputs, or weed 
suppression. Other important ecological services remain difficult to capture in a study of 
this scope; nevertheless, extensive evidence exists in the literature for these types of 
benefits.
Because of the diversity that exists in our farms, these projects attempted to 
generate a wide range of information appropriate for that diversity. A growing number of 
farms in New England are small, and together they make up an invaluable part of our 
agricultural system. Small farms remain a crucial component for increasing local food 
production overall, and regional food security as well, and are deserving of scale-centric 
research.
This work has demonstrated differences between tomato cultivars and between 
systems of inter-row broccoli management. Highlighting these differences is an important 
step in understanding how our production methods affect overall outcomes, and therefore 
is a critical component in agricultural research. However, in order to carry out this 
objective, limited numbers of variables representative of broccoli or tomato production 
were selected. It deserves mentioning that these variables do not fully typify the 
particular subject, and therefore should only partially inform our understanding. For 
example, there may be value in growing tomato cultivars with or without name 
recognition, organically, or locally, that is independent of any traits measured in this 
study. Similarly, using living mulches may align with a grower philosophically, 
outweighing disadvantages observed with the system. These relatively intangible 
qualities are important to consider in conjunction with the more straightforward results 
produced here.
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There is an additional caveat to consider regarding the comparability of 
production systems or tomato cultivars. Intercropping with living mulch fundamentally 
results in a different suite of ecological outcomes than bare soil systems do. Similarly, 
certain tomato cultivars inherently differ from each other (e.g. heirlooms and hybrids), 
and the direct comparisons made between them should be qualified. It is an important 
research goal to contextualize living mulch systems or tomato cultivars with what we 
could consider standards or controls, but we are then somewhat constrained to measure 
variables that are common between the two systems. Therefore, it needs to be 
acknowledged that meaningful underlying differences between living mulch and bare soil 
systems or between tomato cultivars exist that are contained within the results of these 
studies. Part of what makes agriculture and agricultural research interesting is that the 
standards or requirements for a given system are not clearly defined in their entirety. 
Research can continue to try to capture an array of treatment effects, and present those 
outcomes to practitioners in clear and understandable ways, but ultimately there is no 
substitute for the judgment of the end user.
High tunnels will continue to provide a viable option for season extension and 
production intensification, especially for tomato crops in New England. Future research 
could include the comparison of additional tomato cultivars, an heirloom cultivar trial, or 
production methods focused on reducing yield loss. Intensifying production through in­
field diversity is also a promising production method, but care should be taken to find and 
employ the “right kind” of diversity. Future work could focus on longer term evaluations 
of competitive crops, or utilizing different combinations of species. Of particular 
importance would be describing the mechanisms responsible for resource competition.
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Understanding competitive processes would increase the opportunities for the 
conscientious mixing of species with a priori knowledge of how they may interact.
Ultimately, we need to continue to evaluate methods and effects of agricultural 
intensification. Research should continue to prioritize solutions that benefit both the 




Chapter II Supplemental Material
Soil Respiration
Methods. To compare microbial activity between inter-row management 
treatments, soil respiration was measured for a period of 30 days using an Infrared Gas 
Analyzer (IRGA) and reported as total pmol CO2 . Four samples of soil from LM and 
from BS per block were weighed to 25 g and incubated at 25 °C in 463 ml glass jars 
beginning October 11,2011. Initial CO2 measurements were made every two days for 
one week, and then once per week for the duration of the incubation. Soil moisture was 
not adjusted before incubation, and differed at the time of sampling.
Results. Soil from living mulch plots had higher mean respiration rates throughout 
incubation when compared to bare soil plots, but were not significantly different (LM 
12.1 ± 0.7, BS 9.0 ± 0.6 pmol CO2 , p = 0.0526). Soil moisture was higher in living mulch 
plots at the time of collection (LM + 1.8 ± 0.21 % VWC over BS, p = 0.0005).
Soil Inorganic Nitrogen
Methods. Four samples from each treatment per block were taken on October 11, 
2011 and tested for ammonium (N H /) and nitrate (NO3 ) concentrations using the 
microplate Berthelot method (Braman and Hendrix 1989).
Results. There were no significant differences in soil nitrate or ammonium (NO3', 
N H /) concentrations between inter-row management at the end of the 2011 growing 
season (p = 0.2472, p = 0.1184).
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